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Abstract
This project entailed design and testing of an indoor quadrotor UAV capable of autonomous take-off,
landing, and path finding. The propulsion system produces 1500g of thrust at 46% throttle using 7"
propellers, minimizing craft size, but allowing for sufficient payload to carry a LIDAR, a CMOS camera,
and rangefinders. These sensors are interfaced to an Overo processor, which sends high-level commands
to a low-level flight controller, the HoverflyPro. Flight tests were conducted which demonstrated flight
control and sensor operation.
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0 EXECUTIVE SUMMARY
0 Executive Summary
In Lower Manhattan, in the horrific aftermath of the collapse of the Twin Towers in September of 2001,
first responders were stymied by mountains of rubble, in many places over a hundred yards high—even
with a tremendous outpouring of man-power and resources from across the nation, it was an impossible
task. Despite the use of search and rescue dogs, special construction equipment and heavy machinery,
and observations from fixed-wing aircraft, days and then weeks passed before significant coverage of what
became known as “The Pit” was achieved. The piles of debris were not only nearly impossible to climb,
but were heated to hundreds of degrees due to the smouldering material below, laced with razor-sharp
metal structures and glass, and emitting toxic gasses. Then again in late March of 2011, the efforts of first
responders in To¯hoku, Japan, were faced with other equally dangerous hurdles. This time, an instant sea
swamped coastal communities, caused by an earthquake that triggered a 500 mile-per-hour tsunami. Efforts
to search for survivors became frantic as a multiple nearby nuclear reactors began to meltdown, threatening
to render the surrounding environment fatal to search-and-rescuers. The list of catastrophes—man-made and
natural—where the heroic efforts and desires of first responders were stunted by physical obstacles is as bleak
as it is long. Hurricanes, bombings, fires, natural gas explosions, flooding, or large-scale construction failure;
the list is endless, and all can pose unique and cumbersome restrictions on the progress of the attending
personnel.
While techniques for search and rescue have improved over the years, new technology in many instances
could have aided the efforts of those society called upon to respond. Among those the most promising of
these is the use of robotic exploratory vehicles. This project shows that autonomous Micro Aerial Vehicles
(MAVs) equipped with sensors and cameras, that can go faster and more safely into the danger zone than
man on foot, can be deployed quickly in an unknown and dynamic environment to transmit data and images
back to the operator. Unlike human first-responders, such craft are able to perform well for days on end
without becoming stressed in dangerous gasses, at night, in collapsed buildings, over water and in other dire
situations, asking only for a 90-second battery swap a few times an hour in return.
The use of ground robots in military and scientific operations has long been established, and high-altitude
drones certainly have their advantages in surveillance and attack. But when ground has to be covered by
first responders, square meter by square meter, quickly and safely, the potential of autonomous helicopters
becomes ever more real. Certainly for now they have their limitations, including operation in extremely high
winds and inside areas of tremendous heat such as an ongoing inferno. Still, their advantages are countless.
We believe the recent surge of interest in this field over the past ten years will lead to MAVs becoming a
commonplace technology in search and rescue in the near future. Developing a craft capable of performing
this task well is, in many aspects, quite complicated. The capabilities and functions offered by any MAV,
including those deployed in search and rescue operations, each play a role in influencing the constraints
imposed on the others. Thus, the different parameters must be prioritized and acceptable baselines of
performance decided upon. Ground robots have difficulty traversing indoor terrain, while flying robots have
stringent power and weight requirements. The use of lithium polymer batteries can allow for 10-30 minutes
of battery life with sufficient payload for carrying necessary sensors and electronics to map the environment
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and report information back to an emergency response team.
While there are many commercially available quadrotors, they all have low payload, are too big for
a practical indoor application, or are too expensive. The quadrotors that do have high performance are
prohibitively expensive. Fortunately, from a purely mechanical standpoint, the quadrotor can be considered
a relatively simple system consisting of only 4 moving parts, and thus can be constructed cheaply with
sufficient performance for our project.
Project Goals
The goal of this project is to design an autonomous indoor quadrotor helicopter that is appropriate for
search and rescue applications. Ideally, the craft would be capable of autonomous flight through hallways,
rooms and stairwells in an arbitrary building. Once in the building, the craft should be capable of trans-
mitting information about the environment wirelessly to a remote first response team. Below is a list of our
fundamental design requirements for a search and rescue quadrotor UAV:
1. Battery life of at least 10 minutes.
2. Hover at 40-50% of maximum throttle.
3. Sensors for measuring altitude, odometry and relative distances from foreign objects.
4. Autonomous take off, hover, traversal and landing.
5. Wireless connectivity.
6. Maximum total craft width less than 30” (average width of a door).
7. Protection on the propellers for safety.
8. Total mass of less than 1.5kg, for a potential payload of 500g-1000g
9. Nominal flight altitude of approximately 5-7ft.
Each of these design requirements was successfully met. The details and implications of each requirement
are described in the Design section.
Design Overview
A block diagram of the system components is shown in Figure 1. Individual components, the design decisions
leading up to their selection, and how they interface with the other components in the system are given in
the subsequent chapters. Additionally, a complete list of parts is available in Table 17. A software block
diagram is given in Figure 8.
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Figure 1: Hardware Block Diagram
The craft propels itself with four propellers aligned in a plane. Each propeller is driven by a brushless DC
motor, which is controlled with an electronic speed controller (ESC). Each of the four propeller-motor systems
has its own Li-Po battery. The ESCs are driven by a low-level flight controller called the HoverflyPro. The
HoverflyPro receives autonomous commands from the Overo processor. The primary autonomous feature
that was designed is an altitude control loop, which would allow for autonomous take off and landing of the
craft. This control loop relies on data from an ultrasound and an IR sensor. There is a fail-safe circuit that
allows for a manual switch out of autonomous mode. An I2C interface and a UART-to-RS232 interface were
implemented to allow for the addition of the nanoIMU and a Hokuyo LIDAR. These sensors can be used to
implement higher level control algorithms and eventually mapping capabilities ideal for a search and rescue
robot.
The propulsion system will carry a payload of 1500g for about 10 minutes. The maximum additionally
carrying capacity is approximately 900g. Design predictions were compared with simulations and with test
data. We found that our simulation methods were accurate to within 10 percent of the test data. The overall
efficiency is approximately 34% for the whole system, 80% for the motors, 47% for the propellers, and 90%
for the speed controllers. The craft achieves hover at about 8A current draw per motor.
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Conclusions
Quadrotor UAVs are quite promising for use as platforms for autonomous search and rescue robots. In the
past ten years, several commercial quadrotor UAVs have become available as research platforms for such
applications such as the Draganflyer and the Asctec; however, these quadrotors are extremely expensive,
are too large for indoor applications, do not have significant payload capabilities, and have no protection
against collisions. We were able to successfully address these issues in the design of our rotor-craft. By
carefully designing the propulsion system for maximum efficiency with only 7 inch propellers and minimizing
the weight of each component, we were able to achieve a maximum additional payload of 700-900g (with a
30-45% throttle margin). By keeping our total cost below $1500, carefully designing the propulsion system
for maximum efficiency with only 7 inch propellers, and equipping the craft with foam protection, it has a
broad variety of potential application in search and rescue and other tactical situations. A photo of the final
craft is shown in Figure 78.
Furthermore, nearly all of the goals of the project were met including stable flight. The only goal that
was not met was an implementation of autonomous take-off and landing and traversal. This implementation
is straightforward from our work, however, by tuning a PID loop on altitude using the rangefinders and by
incorporating LIDAR data into the navigation and control algorithm on the Overo.
Figure 2: Final Quadrotor Implementation
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In Lower Manhattan, in the horrific aftermath of the collapse of the Twin Towers in September of 2001, first
responders were stymied by mountains of rubble, in many places over a hundred yards high—even with a
tremendous outpouring of man-power and resources from across the nation. Despite the use of search and
rescue dogs, special construction equipment and heavy machinery, and observations from fixed-wing aircraft,
days and then weeks passed before significant coverage of what became known as “The Pit” was achieved.
The piles of debris were not only nearly impossible to climb, but were heated to hundreds of degrees due
to the smouldering material below, laced with razor-sharp metal structures and glass, and emitting toxic
gasses. Then again in late March of 2011, the efforts of first responders in To¯hoku, Japan, were faced with
other equally dangerous hurdles. This time, an instant sea swamped coastal communities, caused by an
earthquake that triggered a 500 mile-per-hour tsunami. Efforts to search for survivors became frantic as a
multiple nearby nuclear reactors began to melt down, threatening to render the surrounding environment
fatal to search-and-rescuers. The list of catastrophes—man-made and natural—where the heroic efforts and
desires of first responders were stunted by physical obstacles is as bleak as it is long. Hurricanes, bombings,
fires, natural gas explosions, flooding, or large-scale construction failure; the list is endless, and all can pose
unique and cumbersome restrictions on the progress of the attending personnel. For example, after Hurricane
Katrina, rescue workers had to navigate from house to house via boat due to the storm surge which had
not yet receded enough to allow land travel, but upon arriving at a residence could find that the flood had
washed away its exterior stairs, making entry a matter of climbing up to the front door from a small boat
in which no sturdy ladder could be placed, as many coastal homes elevate their entrances off of the ground.
Once inside, green and black mold growth made the use of masks or breathing protection necessary to avoid
illness.
While techniques for search and rescue have improved over the years, new technology in many instances
could have aided the efforts of those society called upon to respond. Among those the most promising of
these is the use of robotic exploratory vehicles. This project shows that autonomous Micro Aerial Vehicles
(MAVs) equipped with sensors and cameras, that can go faster and more safely into the danger zone than
man on foot, can be deployed quickly in an unknown and dynamic environment to transmit data and images
back to the operator. Unlike human first-responders, such craft are able to perform well for days on end
without becoming stressed in dangerous gasses, at night, in collapsed buildings, over water and in other dire
situations, asking only for a 90-second battery swap a few times an hour in return.
The use of ground robots in military and scientific operations has long been established, and high-altitude
drones certainly have their advantages in surveillance and attack. But when ground has to be covered by
first responders, square meter by square meter, quickly and safely, the potential of autonomous helicopters
becomes ever more real. Certainly for now they have their limitations, including operation in extremely high
winds and inside areas of tremendous heat such as an ongoing inferno. Still, their advantages are limitless.
While the current technology limits operation of MAVs in extremely high wind or heat (such as in a fire),
we believe that the recent surge of interest in this field over the past ten years will lead to MAVs becoming
a commonplace technology in search and rescue in the near future.
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As our society advances, we have also come to more fully appreciate the advantages which one can be
afforded by taking to the air. Airborne entities are considered more mobile and swift by their very nature; be
they animals, cargo transports, or viruses. All posses the capability to outpace their land-based counterparts
and reach locations otherwise inaccessible.
Developing a craft capable of performing this task well is in many aspects quite complicated. The
capabilities and functions offered by any MAV, including those deployed in search and rescue operations,
each play a role in influencing the constraints imposed on the others. Thus the different parameters must
be prioritized and acceptable baselines of performance decided upon. Autonomous rescue robot, ground
robots have difficulty traversing indoor terrain so flying robots, flying robots however have stringent power
and weight requirements, lipo batteries and a quadrotor design can allow for 10-30 minutes of battery life
with sufficient payload for carrying necessary sensors and electronics for mapping the environment and/or
reporting information back to an emergency response team.
While there are many commercially available quadrotors, they all have low payload, are too big for
a practical indoor application, or are too expensive. The quadrotors that do have high performance are
prohibitively expensive. Fortunately, the quadrotor is a simple mechanical system with only 4 moving parts,
and could be constructed cheaply with sufficient performance for our project.
For hardware, a Gumstix Overo processor was used for its size, performance, and versatility. It can run
powerful operating systems like Ubuntu, allowing the project to make use of open libraries such as ROS and
MRPT.
The beneficialness of such a craft extends further than is immediately obvious. Certainly the ability of
the search and rescue operation to perform it’s objectives more quickly would be increased, due to the craft’s
high mobility and capability to be ‘sacrificed,’ entering areas that pose too dangerous of an immediate safety
risk towards personnel. An advantage which is perhaps even more valuable presents itself: often, faced with
the urgent requirements and undeniably emotional pressures that come with lifesaving scenarios, rescuers
forego the use of equipment and procedures important to their long-term health. In a study done by Mount
Sinai Hospital, researchers found 70% of first responders became ill from inhaling toxic dust at ground zero.
Additionally, greater than 60 percent have permanent lung issues and about 28% of now suffer from heart
problems—even cancer rates are much higher than baseline[17].
Other possible benefactors: law enforcement, soldiers wishing to determine if a building is occupied and
if so ascertain their disposition.
First we will review of how robots of any sort are helping first responders with the search and rescue
task. After briefly covering the history of the development of quadrotor technology since it’s inception in
the early 1920s, we will take a closer look at some current projects which are at the forefront of quadrotor
development. We will then give the reader the technical background information necessary to understand
the design decisions of this project, mostly related to the production of the craft’s lifting power, an area in
which critical analysis was performed to insure adequate thrust and flight-time while maintaining a small
form factor. The dynamics of quadrotor helicopters and the application of various control theories to this
dynamic model are also discussed. Then the specifics of this project’s implementation can be presented.
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This will be covered in three major groups: the airframe, which is the structural component of the craft, the
powertrain, which is the hardware system responsible for the production of lift, and the control system, which
is the hardware and software that regulates the generation of thrust in a manner appropriate for achieving
not only stable, controllable flight but intelligent autonomous movement through an unknown environment.
The testing performed along the way to finalizing this design and the resultant performance of the finished
product are presented. Finally, a discussion of the significance of this work and recommendations for future
projects with this platform or in this area are given. The appendices contain a complete list of parts used,
the full schematics of the electronic circuitry developed, and the most significant portions of the software
written. The full software package may be downloaded from the WPI’s Gordon Library eProject page for
this report.
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2 Background
A review of the research we performed during the course of our project. The historical context of the project,
the motivation behind the project, and any literature which we feel appropriate to introduce before moving
further into the report is discussed throughout this chapter.
2.1 Search and Rescue Robots
In the past ten years there have been a large number of urban disasters throughout the world due to weather,
earthquakes, and terrorism such as the September 11 attacks in 2001, Hurricane Katrina in 2005, the 2010
Haiti earthquake, or the 2011 To¯hoku earthquake and tsunami. According to FEMA there have been over
300 disasters in America alone in the past five years[14]. In urban disaster scenarios, USAR (Urban Search
and Rescue) teams respond to find and save victims. Unfortunately, rescue teams typically have less than 48
hours to rescue victims before their chances of survival decrease dramatically according to Professor Robin
Murphy, director of CRASAR, the Center for Robot Assisted Search and Rescue[45]. Robots may be the
most effective solution for such time constrained and dangerous rescue missions.
After the attacks on 9/11, robots were deployed to aid rescue teams and to test their efficacy in disaster
scenarios. While the robots were not advanced enough to significantly help the search for victims, many
things were learned about how robots can help and what advancements need to be made for them to be
useful. For example, for many disasters dogs are used to sniff for human scents; however, “even dogs
trained for search and rescue have not been able to climb across much of the debris, and the dust-laden
air has diminished the dogs’ keen sense of smell.” Robots use sensors that can be more effective in such
conditions. The robots used in the World Trade Center ruins were equipped with microphones for detecting
human presence, thermal cameras for detecting body heat, and cameras that scan for color changes from the
grayness of the debris (colored fabric on clothing for example). The robots primarily had difficulty traversing
the terrain due to the number of obstacles in such scenarios. Also, there were not enough robots relative to
the magnitude of the disaster. Murphy argued that this demonstrates the need for cheap, small and light
robots for search and rescue[45].
In a blog entry by Professor Murphy in response to the Chilean earthquake in February 2010, she again
stresses that rescue teams require information about a site quickly and accurately. In order to alleviate many
of these typical USAR issues, many researchers and designers are considering flying robots for the tasks as
Dr. Murphy mentions in her blog: “Small helicopter like UAVs can help them assess a collapsed building, see
people trapped on the other side of a pile of rubble, and get the views they want”[35]. In particular, robots
with the ability to hover have an advantage in indoor disaster scenarios. A hovering robot would be able to
reach destinations impeded by flooding, fire or rubble. Furthermore, such a craft could transport sensors,
cameras and microphones to confined spaces in which there may be disaster victims that rescuers or ground
based robots could not otherwise access[10]. In recent years, hovering search and rescue robots have become
cost-effective and technologically feasible due to the perpetual reduction of size of electrical components and
to advances in battery technology. For these reasons, this project has focused on implementing a practical
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hovering search and rescue robot.
2.2 Brief history of quadrotor development
The concept of a quadrotor helicopter was conceived as an early flying device in the early twentieth century.
In fact, it was most likely the first successful type of flying helicopter. Etienne Oehmichen was experimenting
with stable quadrotor designs in the early 1920s, achieving a flight endurance of several minutes at a time by
1923 and setting some of the first helicopter distance records in 1924 with his second design[34]. At around
the same time, Dr. George de Bothezat and Ivan Jerome were working on the de Bothezat helicopter, also
known as the Jerome-de Bothezat Flying Octopus shown in Figure 3 (see Table 1for specifications), which
was an experimental quadrotor helicopter built for the United States Army Air Service by 1922[27].
Figure 3: “Flying Octopus” Quadrotor[27]
Table 1: Specs on the “Flying Octopus”[6, 48]
Length Width Height Gross Weight Flight Time
65 ft 65 ft 10 ft 3,600 lb 2 minutes 45 seconds
The Datron Scout, a quadrotor intended for use in defense applications, is much larger than what would
be needed for reliable indoor navigation. With external dimensions of 80cm x 80cm, a craft designed with
7” props and a 300mm motor-to-motor length is roughly 22% of that size, having external dimensions of
only 38 centimeters along each side, though both have an operational weight of approximately 1.3kg. For
use as an indoor search and rescue vehicle, however, a quadrotor would have to be significantly smaller to
fit through small openings, but maintain a similar payload to incorporate the necessary sensors to have full
awareness and control in tight, dangerous environments. Maximum craft dimensions as low as 38cm are
achievable with the current technology; however, achieving high payload with such small size requirements
is more challenging.
2.3 Notable Quadrotor UAVs
Advances in quadrotor technology has taken place in academia, in industry and in the open-source project
community. Commercial quadrotors have been marketed towards platforms for university research, military
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Figure 4: Datron Scout quadrotor
applications and RC toys. University projects have achieved stable flight and many have achieved some
autonomy and intelligent swarm activity. Hobbyist projects also exist that allow anyone to construct a
quadrotor using an open-hardware scheme.
Asctec
Ascending Technologies, GmbH is the manufacturer of several different quadrotor platforms which have been
found popular with educational institutions conducting research in flight dynamics, computer vision, and
SLAM, as well corporations conducting geological surveys and individuals looking for an aerial photography
platform.
STARMAC
The Stanford/Berkeley Testbed of Autonomous Rotorcraft for Multi-Agent Control (STARMAC) could be
considered so far one of the oldest if not one the most successful quadrotor projects in academia. As suggested
by its name, one of the primary focuses of the project is to investigate the use of multi-vehicle systems. Their
original craft is based off the Draganflyer III cite with all of the electronics replaced and was first built in
2004.
ETH Zurich (PixHawk)
Another flagship quadrotor project, the PixHawk is not only an interdisciplinary team of graduate students
from the Swiss Federal Institute of Technology Zurich (commonly known as the Eidgenössische Technische
Hochschule Zürich) Computer Vision and Geometry Lab, it is also a set of open source software projects
and commercial hardware products available to the public. They have developed the pxIMU, pxCOMex, the
pxOvero expansion board for the Gumstix, a set of machine-vision cameras, the QGroundControl software,
MAVCONN aerial middleware, and myriad other physical and digital component of a quadrotor. Their
emphasis is primarily on vision, and they have produced a complete set of in-house technology to support
that claim. Special interests include vision-guided flight and recognition of natural features using the FAST
detector, sometimes using as many as four cameras on a single craft.
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Open Robotics and Quadrotor Resources
In addition to projects which are affiliated with a university, a community non-academic yet non-commercial
quadrotor enthusiasts is quickly growing. Below is a brief list of the most relevant open-hardware and/or
open-software quadrotor projects.
• AeroQuad, ArduCopter - the most popular open projects have recently combined forces to become what
is by far the most active community of quadrotor and multicopter enthusiasts, professional, academic,
or otherwise.
• KKcopter - a very simple but successful project for multi-copter software given limited hardware and
software computing resources.
• MRPT - a software platform of sensor drivers, flexible algorithms, and visualization toolkits for use in
robotics.
2.4 Quadrotor Flight
A quadrotor (also known as a quad-copter or quadrotor helicopter) is a flying craft that produces lift with
four fixed-pitch rotors in a plane. The quadrotor is an under-actuated craft because it has six axes of
freedom (three rotational and three translational) but only four actuators. Therefore, the controller must
appropriately mix the actuator signals to gain authority over each degree of freedom. To complicate matters
even further, the system is nonlinear due to the relationship between output thrust and the control inputs
into the speed controllers that drive the motors. Figure 5 shows a free-body diagram of a quadrotor created
by the STARMAC project[16].
Figure 5: Free-body Diagram of a Quadrotor by STARMAC[16]
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This diagram shows that the craft must apply enough thrust, T = T1+T2+T3+T4, to overcome the force
of gravity, mg, to achieve hover and the drag force, Db, to achieve forward flight, where the indices on the
thrust terms refer to the thrust from the corresponding propeller. Due to the spinning of the propellers, a
yaw moment, ψ, is present on a quadrotor at all times and must be balanced by using rotating and counter-
rotating propeller pairs adjacent on the craft. In a traditional helicopter this is accomplished by either a
second coaxial rotor or a smaller perpendicular rotor in the back of the craft. For the quadrotor the ratio
of the rotational rates of the rotating and counter-rotating rotor pairs must match to eliminate the yaw
moment. In order to move forward, the craft increases the thrust of the rear motor, increasing the angle θ
with respect to the ground. In order to roll (corresponding to sideways motion in a ’+’ configuration), the
craft increases the thrust of the rotor on the opposite direction of the intended roll, increasing or decreasing
the angle φ. Using these mechanisms, an intertial sensor and altitude sensors can be used to provide state
feedback to a controller, which then executes cascaded Proportional Integral Derivative (PID) loops with set
points about the three rotational axes and about the z-axis to provide level hover and altitude hold.
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3 Design Overview
3.1 Goals and Design Requirements
The goal of this project is to design an autonomous indoor quadrotor helicopter that is appropriate for
search and rescue applications. Ideally, the craft would be capable of autonomous flight through hallways,
rooms and stairwells in an arbitrary building. Once in the building, the craft should be capable of trans-
mitting information about the environment wirelessly to a remote first response team. Below is a list of our
fundamental design requirements for a search and rescue quadrotor UAV:
1. Battery life of at least 10 minutes.
2. Hover at 40-50% of maximum throttle (1.5:1-2:1 thrust to weight ratio).
3. Sensors for measuring altitude, odometry and relative distances from foreign objects.
4. Autonomous take off, hover, traversal and landing.
5. Wireless connectivity.
6. Maximum total craft width less than 30” (average width of a door).
7. Protection on the propellers such that the craft can survive 10 foot falls.
8. Total mass of less than 1.5kg, for a potential payload of 500g-1000g
9. Nominal flight altitude of approximately 5-7ft, maximum altitude of at least 10 feet.
Each of these design requirements and their implications to our implementation are described in the respective
sections of the Design section.
Figure 6: Fully Constructed Quadrotor
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3.2 System Overview
A block diagram of the system components is shown in Figure 7. Individual components, the design decisions
leading up to their selection, and how they interface with the other components in the system are given in
the subsequent chapters. Additionally, a complete list of parts is available in Table 17. A software block
diagram is given in Figure 8.
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Figure 7: Hardware Block Diagram
24
3.2 System Overview 3 DESIGN OVERVIEW
Figure 8: Software block diagram
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3.3 Alternatives
There are at least a few possible alternatives to developing and implementing a custom design worth con-
sidering, though each has its own set of drawbacks. Most notably, commercial MAVs tend to exhibit at
least one of a few basic categories of disadvantages. They tend to be designed to carry no additional pay-
load other than themselves (for example the Parrot AR.Drone, consumer-level Draganflyer, Silverlit X-UFO,
etc.), while those that can take on additional weight such as sensor kits are prohibitively expensive (AscTec,
industrial Draganflyer, Microdrone MD4-200), or they are too large to work in our target use-case (almost all
except perhaps some models of AscTec such as the Hornet). Open implementations such as the MikroKopter
and Aeroquad can, through extensive tweaking of the design, be brought closer to our desired parameters
but ultimately would not save the designer considerable effort and would restrict the long-term flexibility,
usefulness, and lifetime of the platform. Broadening the search-space to encompass designs and available
craft which are not quadrotor/multi-rotor implementations (iSENSYS, lighter-than-air craft such as blimps)
is possible but we are also prepared to show that the quadrotor is particularly well suited to this task and
has been proven an effective design.
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4 Airframe
The details of the quadrotor airframe design are discussed in this section. Given the large size and/or
high cost for most commercially available quadrotor airframes, we originally decided to design our own.
We developed a model of our quadrotor UAV using the SolidWorks software package with the intention of
assembling the craft from raw materials such as aluminum, carbon fiber, and/or FR4. In the interest of
time, we purchased a commercial quadrotor frame made of FR4 and aluminum. However, we have made
modifications to incorporate our motors, sensors, and processors. We also constructed propeller protection
and landing gear from a variety of materials including Delrin plastic, carbon fiber tubes, and extruded
polystyrene foam.
4.1 SolidWorks Model
Figure 9below shows our 3D model of the quadrotor in SolidWorks. Although we did not machine the craft
entirely from the model as originally intended, this model allowed us to visualize the structural requirements
of the craft. For example, in order to house the large battery packs and a LIDAR, it was necessary to
incorporate a bottom plate into the design.
We also used the model to determine the minimum size of the craft for our application. Because this
quadrotor will be operating exclusively indoors, the smallest possible dimensions are necessary so that the
craft can easily pass through doorways, windows and hallways. The primary limiting factor in the width
of the quadrotor is the diameter of the propellers. The SolidWorks 3D model reveals that 10” propellers
limit the minimum size to 26” assuming no protection on the propellers. A rework of the model with 8”
propellers and protective foam included measures 23” at its widest point. 7” and even 6” propellers were
also considered with 19” and 17” widths respectively. These models also take into account that the tips of
the propellers should be at least 1” apart to avoid interference of the air vortices.
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Figure 9: 3D Quadrotor Model
4.2 MikroKopter Frame
In order to expedite the construction of the complete system, we purchased a 300mm MikroKopter frame
for $75, shown in Figure 10. This frame is almost identical in size (about 19” propeller tip to propeller tip)
to the frame that we designed in SolidWorks (Figure 9) but with a square center piece instead of circular.
The frame includes two FR4 center plates (101.5x101.5x1mm), 4 aluminum bars (175x10x10mm, 16g ea.),
20 M3-plastic screws (with nuts), and 18 M3 metal screws with stop nuts. By purchasing a frame, we saved
the time it would have taken to order parts and machine the plates ourselves. We estimate that the price
is roughly double the price that it would cost us to construct our own frame depending upon the materials
used; however, it allowed us to use a proven design and turn our attention towards the other aspects of the
system. Furthermore, a SolidWorks model of the MikroKopter frame is available, and thus, if necessary,
the FR4 plates could be replaced with a stronger material such as carbon fiber or Delrin. Given that
several MikroKopter builders have used the frame, it is likely that it will survive indoor testing. We have
also purchased an extra center plate, which we have attached beneath the frame to house the HoverflyPro,
similarly to what is shown in Figure 9. However, in the actual implementation there are three layers for
circuitry and batteries beneath the craft rather than one.
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Figure 10: 300mm MikroKopter Quadrotor Frame
4.3 Delrin Parts
In order to secure all of our components to the craft, we designed and laser cut several Delrin components
to be added to the MikroKopter frame.
When we initially assembled the MikroKopter frame, we found an issue with mounting the motors. The
factory cut holes were not large enough to allow the shaft collar to spin or to be inserted in the manner
needed to secure the motor. In order to create room for it, we drew a properly sized spacer in SolidWorks
and laser cut it out of a 3/8” Delrin plate. Figure 11 shows the spacer and a motor mounted to an arm of
the MikroKopter frame. Ten copies of the spacer were laser cut in Washburn Shops. Figure 12 shows a 3D
rendering of the spacer made in SolidWorks. The spacer has proven effective and sturdy.
Figure 11: Mounted Motor with Delrin Spacer
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Figure 12: SolidWorks Model of the Delrin Spacer
In order to attach the rangefinders, the carbon fiber landing gear (discussed in subsection 4.4), and the
batteries, we designed a 1/16” thick Delrin plate, which attaches to the bottom of the craft via four nylon
spacers. A 3D model of this plate is shown in Figure 13. This plate was laser cut in Washburn Laboratories.
Figure 13: 3D Model of the Delrin Bottom Plate
The four motor batteries attach to the outside area of the plate, the battery powering the circuitry
attaches in the center, the carbon fiber rods attach across the bottom, and the rangefinders attach on the
bottom through the custom screw holes. The LIDAR will mount to the front side of the plate. In this
configuration the sensor will have its maximum 240 degree viewing angle uninhibited because the bottom
plate hangs more than three inches below the craft (about the height of the LIDAR). In order to balance
the 150g LIDAR, the two batteries are mounted to the back of the craft. A similar 1/16” Delrin plate was
laser cut with holes for mounting the Summit board (with Overo processor attached), the power supply and
all of the interfacing circuitry to the microprocessor.
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4.4 Landing Gear and Blade Protection
In order to protect ourselves, the craft, and the surroundings from the high speed propellers and potential
crashes, we have designed an outer frame, which serves as protection and landing gear.
Originally, we considered many commercial options such as the MikroKopter FlexLander M (Figure 14),
a light-weight, universal landing gear for any MikroKopter. The kit comes with black-dyed GFK rods (a
type of fiberglass) and a plastic milled framework (arches and parts), and is roughly 10cm above the ground.
Figure 14: MikroKopter FlexLander M
The RC supplier HobbyKing also makes a series of landing gear out of carbon fiber (Figure 15). These
are light-weight and are designed for RC airplanes. For the HobbyKing gear, we could use one or two sets
depending on how we wish to design the gear and the way it attaches.
Figure 15: HobbyKing carbon fiber landing gear
Table 2 shows a comparison of the different landing gears that we have considered for our quad rotor.
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Table 2: Comparison of landing gears
Model Height Width Mass No. needed Cost
MikroKopter FlexLander M 100 mm ? 40 g 1 $40
MikroKopter FlexLander L 155 mm ? 48 g 1 $50
HobbyKing 100mm 100 mm 80 mm 4.5 g 2 $11.16
HobbyKing CF “115mm” v2 95 mm 210 mm 12.5 g 1-2 $14.30
HobbyKing CF 120mm 120 mm 140 mm 22g 1-2 $19.95
HobbyKing CF 15cc 148 mm 275 mm 35 g 1-2 $21.95
While all of the options in Table 2 are effective landing gear choices, none of them offer any form of
protection in the event of an up-side-down crash. For this reason we chose to design our own landing gear
and propeller protection from raw materials and manufacture them on campus.
Our landing gear design consists of four bars in a cross pattern linked in the center by a connecting
piece (Figure 16), which was 3D printed on campus.. For a complete solid piece of ABS, this part would
weigh about 106 grams. However, the 3D printer has the feature of only partially filling the solid by using
a honeycomb pattern in place of solid material. The feature ranges from 25% of the full solid to 60% of the
full solid, and component strength is sacrificed for reduced weight. Thus, this part could weigh between 27
and 64 grams.
Many materials were considered for the crossbars. Table 3 shows a comparison of the relevant material
properties of each material we considered.
Table 3: Comparison of Raw Material Properties[5]
Material Density Young’s Modulus Tensile Strength Form Factor Cost
Delrin 1.42g/cm3 3.12GPa 41MPa Flat Rectangular Bars Moderate
Acrylic 1.18g/cm3 2.6GPa 55MPa Flat Rectangular Bars Cheap
Carbon Fiber 1.79g/cm3 231GPa 3930MPa Tubes Expensive
Birch Wood 0.64g/cm3 11GPa 134MPa Square Bars Cheap
Aluminum 7075 2.81g/cm3 70GPa 510MPa Flat Rectangular Bars Moderate
Due to its high strength and low weight, we have chosen to make the crossbars out of carbon fiber tubes.
Although this method is more costly, other weaker materials may need to be replaced frequently from crash
tests. We also added foam blocks to the tips of the arms so that the craft will land more gently. A full
assembly of the landing gear is shown in Figure 16. Each carbon fiber tube is 11.1 inches long and weighs
about 17g. The foam feet are 3” x 4” x 2” and are made of Pick ’N’ Pluck Pelican foam. They weigh about
5g each. The total dimensions for the landing gear are 24” x 24”, and the assembly weighs approximately
140g total.
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Figure 16: Landing Gear 3D Model
This landing gear provides some protection for the propellers from the bottom and the sides; however,
with the landing gear alone it is still easy for the propellers to become damaged. Figure 17 shows the
AR.Drone, a commercially available quadrotor, which has impressive stability for its low cost of only $300.
This craft uses a foam structure to enclose each propeller. If the craft were to flip, it would simply land on
the foam enclosure.
Figure 17: Foam Protection on Parrot AR.Drone[18]
For our propeller protection we constructed a similar guard to that of the AR.Drone using Foamular
extruded polystyrene (XPS) closed-cell foam. After taking careful measurements we constructed the 3D
model shown in Figure 18. The protection was laser cut from a large 3/8-inch thick sheet of XPS. In order
to completely protect the motors and propellers in the case of an upside-down crash, the protection must
be at least 3-inches tall because the highest point of the motor is about 2.5-inches from the center plate on
which the foam will be attached, and we anticipate that some compression of the foam will occur on impact.
Rather than cut out a single thick piece, we cut out eight 3/8-inch enclosures and glued them together
using a spray-on adhesive. SolidWorks measures the volume of this part as 337.92in3. XPS has a density of
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0.029g/cm3, which means that the estimated mass will be 159.6 g. Upon weighing the actual enclosure, it
weighs 156 g.
It should be noted that our method of constructing the foam protection initially reduced output thrust
by approximately 600g because the insides of the ducts were not smooth. The rough edges created a great
deal of turbulence, which altered the aerodynamic performance. After smoothing with sandpaper, the thrust
increased to normal levels, verifying our theory.
Figure 18: Polystyrene Propeller Protection 3D Model
4.5 Layout
Figure 6 shows the fully constructed quadrotor. We have chosen to mount the speed controllers on the arms
such that they are below the air flow of the propellers, which will keep the ESCs cool. The craft is supported
on the bottom by carbon fiber tubes, as seen in Figure 19.
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Figure 19: Final Quadrotor Implementation (bottom view)
The foam protection is secured to the top of the craft by screws through the center of the foam and the
FR4 plate. The protection is also secured to the aluminum bars by wooden bars across the center of the
ducts. By securing the foam at many different points on the craft, vibrations induced in the protection
were significantly reduced; thus, the propellers cannot make contact with the foam. The HoverflyPro and
circuitry are attached to their respective plates between the aluminum bars and the carbon fiber tubes for
protection. Batteries are mounted to the bottom of the craft to keep the weight low for a slight stability
advantage.
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5 Powertrain
5.1 Lithium Polymer Batteries
Our first step in designing the propulsion system was to choose a target battery life. Given the limitations of
modern battery technology and the high power requirements of a quadrotor UAV, the maximum battery life
will be relatively low. We have chosen to design for a minimum battery life of 10 minutes because the 6th
International Aerial Robotics Competition (IARC ) mission has a 10 minute time limit[28]. This battery life
is conservative given our review of several other quadrotor implementations. For example, the STARMAC
project’s implementation achieves typical battery lives from 15-20 minutes using 10-inch propellers[16].
We identified lithium polymer batteries as the appropriate choice for our project due to the high power to
weight ratio on average of Li-Poly batteries compared to other battery types. Because lithium is the lightest
metal lithium packs can have as low as 20% of the weight and volume of other types of batteries with the
same capacity. Lithium cells also provide a more consistent voltage as the battery is discharged compared to
other types [42]. Nonetheless, there are still many different lithium polymer batteries from which to choose.
In order to determine the most effective battery choice for our craft, we tabulated twenty different batteries
and their specifications, ensuring that each battery was 11.1V (required by most commercial brushless ESCs)
and had sufficient continuous current sourcing to drive each motor at 20A (a conservative maximum current).
We also included the possibilities of using multiple batteries in parallel or using a single battery for each
motor. Table 4 shows the four options with the highest lifetime to weight ratio. The lifetime is based on our
estimate of the hover case, 8A per motor continuous current draw at a craft mass of 1.5kg. The numbers in
the table (except for dimensions) are scaled by the number of batteries used, which is indicated next to the
model number.
Table 4: Thunder Power battery specifications
Battery Capacity [mAh] Dimensions [in] Mass [g] Life [min] [min/kg]
Pro Lite MS 16C 6000 7.28x1.97x0.91 381 10.29 26.99
Pro Lite MS 13C (x4) 5280 2.56x1.34x0.75 336 9.05 26.94
G4 Sport Race 22C 8000 5.43x1.77x1.61 531 13.71 25.83
Pro Lite MS 15C (x3) 6300 3.94x1.34x0.79 426 10.80 25.35
Referring to the table, the third option is prohibitively heavy, and the fourth option requires parallel
connection of the batteries, which can be dangerous and would require extra connectors, adding unnecessary
weight. Therefore, the two most promising options according to the table are a single battery with 6000mAh
capacity (Figure 20) or one battery for each of the four motors at 1320mAh per battery (Figure 21).
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Figure 20: Thunder Power TP-6000-3S3PL
Figure 21: Thunder Power TP-1320-3SPL
In order to make the decision, we considered how we would mount them onto the craft and how we
would charge them. Observing the 3D model in Figure 9, it can be seen that the single battery option in
Figure 20 will not evenly distribute its weight on all four sides of the craft and will be difficult to mount
due its large size. According to Table 4, using one 1.32Ah battery per motor would allow for more concise
spacial orientation of the power sources, provide nearly the same battery life, and reduce the cost by $70, a
full third of the price of the 6000mAh option. Furthermore, a four battery charger such as the one shown in
Figure 22 would allow us to charge the batteries four times faster than with a single battery option, giving
us more testing time in the lab. For these reasons, we have chosen to have four separate batteries for our
craft.
Figure 22: ElectriFly PolyCharge4
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5.2 Brushless Speed Controllers
ESC Selection
We have chosen brushless DC motors for our UAV because the craft requires the maximum achievable
power to weight ratio, the lowest possible noise coupling (brushed motors can generate noise in the control
circuitry), and a high power efficiency[47]. Brushless DC motors are commutated electronically via a speed
controller. A three-phase current is delivered to the motor, creating a DC voltage across the motor terminals.
The speed controller uses pulse-width modulation (PWM) to control the effective voltage that reaches the
motor. The change in this effective voltage controls the power output of the motor. The PWM input in the
ESC is standardized for remote controlled transmitter/receiver modules (4 and 6 channel). The transmitter,
such as in Figure 23, has joysticks that are used to issue four commands corresponding to percent throttle
in a given direction. These commands are encoded as PWM signals and transmitted over a 2.4GHz spread
spectrum connection to a receiver. This percentage corresponds to a specific pulse-width for the PWM
signal. For RC applications, the pulse width typically ranges from 1ms to 2ms with a 20ms period (5-10%
duty cycle), where 1ms corresponds to 0% throttle, and 2ms corresponds to 100% throttle[31]. However, the
update frequency can be higher than 200Hz (5ms period).
Figure 23: Spectrum RC Transmitter
Originally, we chose the Scorpion Commander brushless ESC for our application. It has the necessary
current sourcing capabilities at 25A and an appropriate number of discrete throttle control outputs (1024).
Many cheaper models have as few as 256 outputs, which would be insufficient for robust control. Table 5
shows the specifications of the Scorpion Commander ESC. The speed controller is controlled by the Overo
processor using a PWM signal at 50Hz as described above. The ESC has a safety setting that will not allow
the motors to spin unless it sees a 0% throttle signal with a 0 to 5V peak voltage for two full seconds. The
ESCs also have to be calibrated by using an IR receiver and remote programming card, which are packaged
with the ESC, and by applying the appropriate minimum and maximum throttle PWM signals using the
Gumstix Overo.
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Table 5: Scorpion Commander ESC Specs
Model # Scorpion Commander
Continuous Current 25A
Update Rate 40-70Hz
Discrete Outputs 1024
Max Voltage 15V
Interface PWM
Resistance 3.66 mOhms
Dimensions 48 x 26 x 9 mm
Cost $50
Mass 20.3 g
Although the Scorpion ESCs functioned as desired during testing, we were unable to use them in the
final design because of the low update rate of 70Hz. Once we incorporated the HoverflyPro into our system,
we were unable to continue using the Scorpion ESCs because the HoverflyPro only outputs PWM signals at
200Hz.
HoverflyPro Update Rate
Although the Scorpion Commander V2 ESCs functioned as desired during testing, once we incorporated the
HoverflyPro into our system, we were unable to continue using them. After troubleshooting and consultation
of the involved manufacturers, we learned that HoverflyPro outputs PWM signal seems to always runs at
approximately 200Hz, a feature ambiguously labeled as “UltraPWM” in their product material. An output
PWM signal from the HoverflyPro corresponding to 100% throttle can be seen in Figure 24. This feature
is designed to cause speed controllers to update their throttle output more rapidly than conventional RC
equipment typically does, in order to make it easier for the algorithms used by the HoverflyPro to maintain
control of the craft. However, this signal is not moderately faster than standard, it is actually four times the
speed which the designers of most ESCs expect a radio receiver to output its signal.
Figure 24: 100% Throttle Output of the HoverflyPro, 2ms 5V Pulse @ 200Hz
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While setting up the HoverflyPro, we discovered we were unable to arm the speed controllers. After
we reset them to factory setting, we attempted to re-program according to the parameters specified by
HoverflyPro and also re-calibrate them with respect to the HoverflyPro output signals. When the calibration
produced an error from the ESCs, we verified that this is the reason the ESCs will not arm by speaking with
Lucien, an engineer at Innov8tive Designs. He confirmed that the Scorpion Commanders would only accept
up to a 70Hz update rate. We had chosen to use the Scorpion Commander ESCs in order minimize the
likelihood of timing glitches, motor start-up-failures, and overall inefficiency any of which could happen if
controllers weren’t well-matched to the motors, which are also made by Scorpion. We had known controllers
with faster update rate were available, but at the time we were trying to avoid both available options:
suspiciously low-cost import parts from Asia and the only alternatives, very expensive Castle Creations or
I2C-driven speed controllers from European manufacturers.
In order to fix this issue, we designed a circuit to down-sample the ESC signal to 50Hz but maintain the
1-2ms pulse width. Figure 25 shows the circuit, which consists of a 2-bit counter (the two LSBs of a 4-bit
counter) and a 3-input AND gate (emulated with two 2-input AND gates). The counter is clocked using the
PWM signal, syncing the counter outputs with the PWM input from the HoverflyPro. When the two LSBs
of the counter are each logic high, the output AND gate passes the input PWM pulse. This way only one
pulse is passed for every four pulses, effectively lowering the frequency to 50Hz and maintaining the 1-2ms
pulse width. Each ESC would require one of these circuit blocks; however, space can be consolidated by
using a dual counter IC and a quad AND gate, only requiring four ICs for all four ESCs. This circuit was
tested using the function generator and again using the output signals of the HoverflyPro. Figure 26 shows
an image of the HoverflyPro output signal (Channel 1) and the down-sampling circuit’s output (Channel 2).
Figure 25: PWM Frequency Conversion Circuit
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Figure 26: Oscillogram of the PWM Frequency Conversion Circuit
Although this solution works on the bench, it would require adding hardware to the board, which is
undesirable this late in the project. Thus, we contacted HoverflyPro about a potential firmware solution to
the issue. We were able to speak directly with the engineer who designed the HoverflyPro. Dr. Ducharme
advised against lowering the PWM frequency in general due to the inconsistency with the intended operation
of the control algorithm and his own observed results. He agreed that the dynamics of a particular quadrotor,
especially a non-acrobatic design such as ours, are controllable at or even below 50Hz (perhaps as low as
20Hz he theorized), but that for HoverflyPro’s algorithm a higher update rate is fairly essential for reliable
performance.
In accordance with Dr. Ducharme’s recommendation, we purchased four new ESCs that were verified
to accept the faster update rate. The new controller can be seen in Figure 27. This part came with bullet
connectors attached, and we have transferred the Dean’s ultra plugs onto the new ESCs.
Figure 27: Hobbywing 30A ESC
Deans Ultra Plugs
At the end of last term, our system was unable to sustain spinning the motors without frying our ESCs. After
speaking with the manufacturer of the controllers, we determined that the inexpensive bullet connectors used
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to connect the batteries to the ESCs were allowing the mechanical vibrations of the craft to occasionally
interrupt the flow of current into the speed controller. When this happens as the speed controller is rapidly
cycling its active output channels and drawing large amounts of current in order to move the armature, the
input FETs may become damaged due to the unexpected switching at the inputs due to the poor connector.
During one test this caused two ESCs to become permanently damaged. Afterwards, we replaced the two
broken Scorpion ESCs with new ones, and the low quality connectors with Dean’s Ultra Plugs, seen in
Figure 28. These changes resulted in a reliable powertrain.
Figure 28: Male/Female Pair of Dean’s Ultra Plugs
Microprocessor Interface
Because the Overo uses 1.8V logic, a level converter was necessary to increase the signal voltage. In order to
convert the signal, we used a comparator circuit–the LM339 quad comparator–with open-collector outputs so
that the Gumstix voltage could be pulled up to 5V. We passed the 1.8V reference from the Gumstix through
a voltage divider to get a 0.9V reference to trigger the comparator at the appropriate time. This circuit can
be seen in Figure 29. Figure 30 shows an oscillogram of the 0% throttle PWM output of the Gumstix Overo
on Channel 1 (yellow) and the 5V peak output of the comparator on Channel 2 (blue). These outputs are
sent into a multiplexer, which sends the data to the Hoverfly Pro as high level commands corresponding to
throttle, yaw control, and translational motion in the plane parallel to the floor.
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Figure 29: PWM Comparator Level Shifters
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Figure 30: Oscillogram Verifying PWM Outputs
5.3 Brushless Motor Fundamentals
DC Motor Operation
Direct Current (DC) motors are those that spin when a DC voltage is applied across the terminals. Typically
this voltage is not actually a DC voltage, but rather it is a pulse-width modulated (PWM) signal. This
method switches power on and off rapidly resulting in an average DC voltage across the motor that is
more power efficient than other methods of lowering the voltage. This function is performed by a chopper
circuit or an electrical speed controller (ESC). This high power PWM signal is typically controlled by a low
power PWM signal from a microprocessor for brushless motors or by a variable resistor (in the simplest
implementations) for brushed motors. Figure 31 shows an example output waveform of the ESC’s chopper
circuit operating at 60% of maximum throttle. The sharp spikes correspond to the high-frequency switching
of the internal circuitry of the ESC.
Torque is generated in DC motors from the magnetic force, also known as the Lorentz force, which
is produced when an electric current is passed through a coil in a magnetic field. This force is given by
Equation 5.16[43].
F = q[E + (v ×B)] (5.1)
where F is the force perpendicular to the coil, E is the electric field in the coil, v is the velocity of the charged
particles in the coil, and B is the magnetic field. From mechanics, torque is
τ = F × r (5.2)
If the electrical force in Equation 5.16 is assumed negligible because it is perpendicular to the magnetic force,
and the remaining magnetic force FB = qv ×B is plugged into Equation 5.2 (with the assumption that v is
perpendicular to B) we find that
τ = qvBrsinθ (5.3)
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Figure 31: Example ESC Output Waveform[31]
Because any given charge flowing in the coil will flow at a rate I = qvrA , where A is the area of the coil and
r is the length of the lever arm about which there is a torque, Equation 5.3 can be written as[40]:
τ = IBAsinθ (5.4)
Note that the maximum torque in this equation is directly proportional to the torque constant, Kt = BA,
which is discussed further in section 5.3. In order to prevent this torque from becoming negative due to the
sinusoidal term (in other words, allowing the motor to spin in the opposite direction), a commutator must
be used to change the direction of the current at the instant when the torque is zero. The stator windings
must be charged in the appropriate sequence based on the position of the rotor in order to cause the motor
to rotate. A feedback loop is created with the speed controller using Hall effect sensors embedded in the
stator winding of the motor. These sensors detect the passing of the permanent magnetic poles, generating
a digital signal corresponding to the passing of the north or the south pole. From these signals the correct
commutation sequence can be determined[47].
Brushless vs. Brushed Motors
Figure 32 shows a comparison of brushed and brushless motors. Brushed motors consist of a stationary
permanent magnet, a rotating armature or electrical magnet, and a commutator, which periodically reverses
the direction of the current. Because the electrical magnets are rotating in brushed motors, “brushes” are
used on the outside of the motor to maintain electrical connections. These brushes can cause inefficiencies,
generate noise in surrounding circuitry, and lead to mechanical wear, which requires maintenance. The
brushes do, however, have the advantage that no feedback is necessary for the controller to know the location
of the rotor because it can be detected by the brushes.
In contrast, brushless motors use a rotating permanent magnet, a stationary armature, and a solid state
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circuit, which alternates the phase of the current at every half rotation, effectively performing commutation.
This design eliminates the need for mechanical contacts, reducing noise, reducing the need for maintenance,
and increasing the efficiency of the motor. Controllers for brushless motors are significantly more complex,
requiring electrical commutation and a feedback loop with hall-effect sensors for sensing the position of the
rotor[46].
Figure 32: Brushless vs. Brushed DC Motors[47]
For a flying craft, brushless motors are the ideal choice. The higher efficiency allows for higher battery life,
the low noise allows for smoother operation in the air, and the lack of brushes allows continuous operation
at high rotational speeds without frequent maintenance.
Brushless Motor Analysis
For a brushless DC motor, the manufacturer typically provides a rated current, the armature resistance, a
back-EMF constant, a maximum current, a maximum power, and a no load current. An equivalent circuit
for a brushless DC motor is shown in Figure 33.
Figure 33: Schematic Model of a Brushless DC Motor[9]
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It can be assumed that R>>ωL because the resistance is typically small (less than one Ohm). Thus,
applying a KVL and the knowledge that output torque is proportional to input current, the following system
of equations describes the motor[46]:
V = IR+ E = IR+Keω (5.5)
τ = KtI (5.6)
where V is the voltage applied at the terminals, R is the armature resistance, I is the current through the
armature, E is the back-EMF of the motor, Keis a constant of the motor relating angular rate to voltage,
Ktis a constant of the motor relating torque to current, and ω is the angular rate of the motor shaft. Kein
this equation has units V/RPM (Note: it is typically given as Kv in RPM/V by the manufacturer), and
Kthas units Nm/A; thus, if expressed in compatible units, these constants are the reciprocal of each other[8].
The following conversion factor is obtained for the units expressed above:
Ke =
30
pi
Kt (5.7)
The motor must generate enough torque to move both the shaft and the load (a propeller in our case). The
no-load current is the current required for the motor to overcome the drag from the shaft without a load.
The torque, τ , required to overcome this drag is proportional to the no-load current, INL, by a factor of the
torque constant, Kt. Thus, the total torque generated by the motor that can be used to rotate the propeller
is
τ = Kt(I − INL) (5.8)
This should not be confused with the total torque produced, which is simply τ = IKt (Note that the
remaining equations will assume consistent units, and Kt = Ke). Equation 5.5 and Equation 5.8 can be
combined and simplified to find a relationship relating output torque to motor shaft rate of rotation for a
constant supply voltage[46]:
ω = V
Ke
− R
Ke
( τ
Ke
+ INL) (5.9)
Using Equation 5.9 we can understand the losses in the brushless motor and find an equation for power
efficiency:
Pout = ωτ (5.10)
Substituting the relation for total torque produced in Equation 5.6 into Equation 5.10,
Pout = ωIKe (5.11)
Substituting Equation 5.9 into Equation 5.11,
Pout = IKe
V
Ke
− R
Ke
( τ
Ke
+ INL) (5.12)
Simplifying, we find that
Pout = IV − IR( τ
Ke
+ INL) (5.13)
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Distributing IR and plugging in the current relation for the torque,
Pout = IV − I2R− INLIR (5.14)
The first term on the right hand side, IV, is equal toPin. The second term describes the power loss from the
resistance of the armature, which is typically small compared to the third term. The third term describes
the power required to overcome the drag on the shaft due to friction and the inertia of the shaft. To find
the efficiency of the motor, we simply divide Poutby Pin:
ηmotor =
Pout
Pin
= 1− R
V
(I + INL) (5.15)
For typical values of R = 0.01Ω, V = 10V, and INL= 1A, a plot of the efficiency over input current, I, is
shown in Figure 34.
Figure 34: Example Plot of Motor Efficiency vs. Input Current
In reality, motor efficiency starts at 0 W/W for 0A of input current. The efficiency rises rapidly to a
maximum and slopes off fairly linearly. Figure 35 shows a plot of efficiency, power and current for an actual
motor. This plot is over output torque rather than input current; however, it is equivalent because of the
nearly linear relationship between current and torque. Nonetheless, the shape of the efficiency plot will be
the same because output thrust is linearly proportional to input current as can also be seen in Figure 35.
Note how the efficiency starts at 0 W/W, quickly peaks, and slopes off linearly with current/thrust as in the
example. When selecting a motor for a hovering craft, it is best for the hover case (thrust produced = weight
of the craft) to be near the maximum efficiency. The other most important consideration is the torque to
speed curve. The propeller will require a certain speed to generate the necessary thrust. This speed should
be at or below the rated torque of the motor.
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Figure 35: Plot of Various Motor Parameters vs. Torque[13]
5.4 Brushless Motors
When designing a propulsion system, all of the calculations are ultimately approximations due to the nature
of propeller behavior and the inaccuracies in the motor models. Thrust is ultimately stochastic; thus, we
used a variety of sources to select motors including simulations, hand analysis, and thrust testing.
In order to verify our calculations throughout the motor selection process two software packages were
used to simulate the propulsion system: MotoCalc Workbench and Scorpion Calc. Each of these packages
has a library of motors and propellers. MotoCalc includes libraries for ESCs and batteries as well, and it
can thus be used to preliminarily design an entire propulsion system. Scorpion Calc only caters to Scorpion
motors, but offers similar features. Custom motor specifications can be entered, but the output data is
derived from empirical data for a variety of Scorpion motors. Because of the focus on specific motors, there
is a claim of high accuracy; however, the motor parameters are sometimes incorrect compared to the data
provided by dealers. The libraries are updated frequently by the software designer, however, so this may
resolve itself with updates to the software.
We have selected the SII-2212-1850KV Scorpion motor for our design, see Figure 36. We came to this
conclusion through the use of the design software and hand analysis, much of which can be found in the
Appendix. Our motor has the following specifications:
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Table 6: Scorpion SII-2212-1850KV Motor Specifications
Model # SII-221-1850KV
Stator Diameter 22.0 mm
Stator Thickness 12.0 mm
No. of Stator Arms 12
No. of Magnet Poles 14
Wind Turn Delta 11
Wire 9-strand 31 AWG
Kv 1850 RPM/Volt
No-load Current 1.31A @ 10V
Resistance 0.032 Ω
Max Continuous Current 22 A
Max Continuous Power 230 W
Weight 58.0 g
Outside Diameter 27.9 mm
Shaft Diameter 2.98 mm
Body Length 30.0 mm
Overall Shaft Length 49.0 mm
Figure 36: Scorpion SII-2212-1850KV Motor
The entire system was simulated with the 8x4.5in Draganflyer propellers at 74% Throttle. At this throttle,
the maximum output power of the motor is reached. A thrust of 812g is achieved, meeting the 1.5:1 thrust
to weight ratio specification. Furthermore, the battery life at this throttle is found to be 4:05 minutes. The
simulated system is described below:
Motor: Scorpion 2212-1850KV; 1850rpm/V; 1.31A no-load; 0.032 Ohms
Battery: Thunder Power TP-6000-3S3PL (25C); 3 cells; 1500mAh @ 3.7V; 0.004 Ohms/cell
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ESC: Thunderbird-36; 0.0045 Ohms; High rate
Propeller: Draganflyer Propeller; 8x4.5 (Pconst=1.71; Tconst=0.949) direct drive
Airframe: Quadrotor
The thrust of each motor at hover is approximately 14oz (400g each for a total weight of 1.6kg).Figure 37
shows that the efficiencies of the motor and propeller subsystems match well at this nominal thrust because
the efficiency peaks are lined up on the plot at this thrust point.
Figure 37: Motor (Red) and Propeller (Blue) Efficiencies vs. Thrust
Figure 381 shows a plot of the total efficiency in red and the output thrust in blue both versus the input
current. From this plot it can be seen that at hover our craft would draw approximately 6A with 8 inch
propellers. The maximum efficiency is approximately 38%. Comparing this value to the efficiency plot from
the thrust testing data, the simulation agrees well with our tests.
1Note that the percent throttle corresponds to the range of the plot in the Motocalc Simulator
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Figure 38: Efficiency (Red) & Thrust (Blue) vs. Input Current
The current at maximum efficiency can be computed with the equation
Imaxeff =
√
IstallInoload
where Istall is the maximum output current at the nominal voltage (10V-11.1V). For the Scorpion 1850Kv,
this current is found to be 5.4A:
Imaxeff =
√
(22A)(1.31A) = 5.4A
Figure 39: Thrust & Output Power vs. Input Power
In the simulation, the following data was taken for the hover case (44% throttle, 13oz thrust):
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Table 7: Hover Simulation Data from MotoCalc
Parameter Value
Battery Current 6.3 A
Motor Current 14.3 A
Motor Voltage 4.6 V
Input Electrical Power 66.3 W
System Power Loss 12.7 W
Motor Power Output 53.6 W
Motor Shaft Efficiency 76.9%
Propeller Angular Rate 7655 rpm
Thrust 367 g
Time 14:20 m:s
This data is approximately what was computed in the propeller-thrust calculations in Table 9. For
example, the calculated battery current per propeller is 6.7A, only 6% higher than the simulated 6.3A. This
current is also within 20% of the maximum efficiency current for the motor. This implies that reducing the
weight of the craft slightly (to about 1.3kg from 1.5kg) could provide significantly more power efficiency. This
simulation reveals that this motor propeller system should allow for a battery life of 14 minutes, meeting
the 10+ minute design specification. With 7-inch propellers, this reduces to approximately 11 minutes.
Near the end of the project, a bearing came loose on one of the motors after a crash. Unfortunately, this
motor was sold out in the United States, and we could not obtain another before the end of the project.
We used this opportunity to contact a custom motor manufacturer, MicroDan Motors. The motor maker
conducted tests using our exact propellers and speed controllers and wound motors that were ideal for our
application based on one of his previous motor designs. The new motor is shown in Figure 40 and the results
of the tests are shown in Table 8. Originally, at 7A we produced 301g of thrust per propeller. We estimate
that we can achieve at least 240g more total thrust (60g extra per prop) at about the same power draw of
our original system with the MicroDan motors based on the data in Table 8 and from our thrust testing in
section 7.1. Furthermore, these motors collectively are 100g lighter than the Scorpions, giving us even more
payload.
Table 8: MicroDAN 2505-1845 Part Throttle Data using GWS 7x3.5 Three Blade Props
Thrust [gf] Angular Rate [RPM] Voltage Current
368 11550 10.7 6.3
396 11900 10.7 6.9
5.5 Propellers
Because this quadrotor will be operating exclusively indoors, a small size is necessary to physically fit through
doorways, windows and hallways. The primary limiting factor in the width of the quadrotor is the diameter
of the propellers. The SolidWorks 3D model in Figure 9 reveals that 10” propellers limit the minimum size
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Figure 40: MicroDan Custom 1845RPM/V Motor
to 26” assuming no protection on the propellers. The model with 8” propellers and the protective foam
measures 23” at its widest point. In our propeller analysis we considered propellers ranging from 6” to 10”
and determined that 7” or 8” propellers are ideal for our application.
Based on our table of weights (Table 17), the quadrotor will need to generate approximately 15N total
thrust in order to hover at 1.5kg of mass. The following equation relates the thrust to the required input
mechanical power from the motors:
Ph =
T 3/2√
2piρD2
(5.16)
where ρ is the density of the air, D is the diameter of the propeller, and T is the thrust generated. For
example, if ρ = 1.225kg/m3, D = 0.203m (8 inches), andT = (1.5kg/4) ∗ 9.8m/s2, the mechanical power
necessary to hover is 25W per propeller, 100W total. In order to achieve authoritative control in dynamic
motion beyond hover, a thrust to weight ratio between 1.5:1 and 2:1 is desirable[44]. However, some crafts
such as the STARMAC project are known to fly with only a 30% thrust margin (3.3kg total thrust at 2.5kg
total weight)[16]. The input electrical power into the system is equal to the output mechanical power times
the significant efficiency losses:
Pelec = ηpropηmotorPmech
For our design calculations we have assumed about 65% loss of power (ηpropηmotor = 35%) for the entire
motor propeller system based on measurements taken with a thrust stand and a hand-held tachometer (see
subsection 7.1 for details), and based on simulations using the MotoCalc Workbench . With this efficiency the
necessary input electrical power and current can be calculated for each motor to determine the approximate
battery life for a given motor propeller pair at a desired thrust for hover. The battery life can be expressed
as
tb = CbI
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where tb is the battery life, Cb is the capacity of the battery in milliamp hours, and I is the total current draw
of one of the batteries. The lifetime calculation only needs to be done for one battery-motor pair because
each motor has its own identical 1320mAh battery. Table 9 shows calculations for varying propeller sizes
and thrust-to-weight ratios. These calculations show that from the perspective of power delivery either 8in
or 7in propellers can achieve the desired battery life of 10 minutes for the required power draw at hover.
Table 9: Electrical Power Requirements for Lifting a 1.5kg Craft
Thrust-to-weight Prop Size Pmech2 Pelec Ibat3 tb
2:1 8” 71W (284W) 203W (811W) 19A (76A) 4.17 min
1.5:1 8” 46W(184) 131W (526W) 12A (49A) 6.44 min
1:1 8” 25W (100W) 71W (286W) 7A (27A) 11.93 min
2:1 7” 81W (324W) 231W (926W) 22A (88A) 3.60 min
1.5:1 7” 53W (212W) 151W (606W) 14A (56A) 5.66 min
1:1 7” 29W (116W) 83W (331W) 8A (31A) 9.9 min
In order to fully predict the aerodynamics of the propeller system, two constants which relate the pro-
peller geometry to the power and thrust must be determined, the thrust and the power coefficients. These
coefficients can be derived using a blade element analysis; however, this method is quite complex and is out
of the scope of this project. The most accurate method for determining these constants is through the use
of empirical data. By performing a thrust test and measuring the current, voltage, RPM and thrust, the
propeller constants can be determined if the motor specifications are known.Figure 41 shows a table of data
on a variety of propellers recorded by a project group at Virginia Tech[38]. All of the propellers in Figure 41
were mounted onto a Hacker A20 30M motor and the thrust along with other measurements were recorded
for each propeller by the team at Virginia Tech.
Figure 41: Virginia Tech IARC Team Propeller Data[38]
The MotoCalc software will estimate propeller constants if one provides the sample test data. From
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the applied voltage, the motor current, the propeller diameter, propeller pitch, the RPM, and the thrust,
the software estimates the propeller constants. Table 10 shows several propellers and their corresponding
constants. Also listed in Table 10 are the approximate angular rates required by each propeller to achieve
the necessary thrust (~600g per propeller). These values were calculated using the Propeller Calculator tool
in Scorpion Calc 3.39, a simulator similar to MotoCalc but written exclusively for Scorpion motors. The
Scorpion software also includes a database of propellers with their respective constants.
Table 10: Propeller Specifications
Propeller Power Coef. Thrust Coef. RPM @ hover RPM @ 2:1 Prop Eff.
APC 8x3.8 Slow Flyer 1.2 0.98 7892 11,160 82%
Draganflyer 8x4.5 1.7 0.95 6264 8864 56%
APC 7x5 Thin Electric 1.1 0.99 9024 12,760 90%
GWS 7x3.5 1.1 0.52 12,248 ~17,000 47%
The efficiencies can be calculated by simply taking the ratio of the coefficients and multiplying by the
advance ratio. The advance ratio is proportional to the airspeed of the craft as seen in Equation 5.17. At
hover for a helicopter, this does not apply; however, a reasonable approximation is to simply take the ratio
of the constants as we have done in Table 10. Efficiencies above 65% are typically indicative of inaccurate
coefficients.
η = J cT
cQ
(5.17)
It is necessary to use these propeller coefficients in conjunction with motor parameters to determine the
operating point of the system. This procedure involves a load line analysis and ensures that the propeller
will spin below its recommended maximum speed (around 15,000 RPM) at all times and that the motor will
not exceed its rated torque, about 1.7 Newton meters. The torque of the motor can be expressed as follows:
T = T0(1− ω
ω0
) (5.18)
where T0 = KvVs/R is the stall torque of the motor, and ω0 = Vs/Kvis the maximum speed of the motor[36].
The load torque, Q, required to rotate the propeller at a speed ω can be expressed as[27]
Q = cQρD5ω2 (5.19)
The load line analysis is shown in Figure 42 with Equation 5.18 plotted in blue and Equation 5.19 plotted
in green. This simulation was performed in Matlab using a WPI license on the Amp server.
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Figure 42: Load Line Analysis of GWS 7x3.5x3 Propeller with the Scorpion SII Motor
While this analysis gave us a ball-park estimate of the operating point at around 10,000 RPM, this
figure is only useful for selecting a range of propellers that might perform wel for our application. Because
the characteristics of propellers are so difficult to predict due to many sources of variance in geometry and
material construction, we purchased several sets of propellers. Given their extremely low cost with respect to
their dramatic effect on the success of the design, we purchased all four sets of counter rotating propellers in
Figure 41 for testingsection 7.1. Ultimately, we chose to use the GWS 7x3.5 propellers, shown in . Although
these propellers appear low in efficiency, they outperformed the other propellers in the testing. Also, it
should be noted that propeller efficiency increases dramatically with airspeed.
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Figure 43: Final MotoCalc Simulation: Thrust (red) and Total System Efficiency (blue) vs. Input Current
The simulations were redone using the GWS 7-inch propeller that we chose. Plots of the efficiency and
thrust versus input current can be seen in Figure 43. This simulation predicts 9A at hover with an overall
efficiency of 37%. Calculated values from our thrust tests (Figure 7.1) reveal an overall efficiency of 34% and
a hover current of 7A, slightly worse in efficiency but slightly better in power draw than the simulations.
Thus, our powertrain design was successful.
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6 Controls
6.1 Power Requirements
Originally, we intended for all of the power to be distributed from a single battery; however, we deemed it
safer for flight and easier for testing to have a separate power supply for the control hardware so that if the
propulsion system fails the control hardware will remain operational. Thus, we have incorporated a fifth
battery, a 7.4V lithium-polymer. Originally, we intended to use a 9V battery; however, current sourcing
limitations of alkaline batteries would have required us to also employ one of the 5V DC-DC converter
outputs from the ESCs to power the LIDAR. The 7.4V battery configuration is more practical than a four
battery system because it allows the four motor batteries to operate independently, allowing the batteries to
drain at approximately the same rate. Below Table 11 shows the power requirements of each component in
our system besides that of the propulsion system. The nominal current draw of the control system is 0.97A
at approximately 4.9W, and the maximum current draw of the system is 1.8A at about 9.1W.
Table 11: Power Requirements of the Control Electronics
Component Supply Voltage Max Current Draw [A] Signal Voltage [V]
Gumstix Overo Fire 5V 800mA (250mA nominal) 0-1.8V, 3.3V ref
Hokuyo LIDAR 4.75-5.25V 800mA (500mA nominal) USB 5V
Max Sonar EZ1 2.5-5.5V 2mA 0-5V
Sharp IR Rangefinder 4.5-5.5V 15mA 0-2.5V
HobbyWing 30A ESCs N/A N/A 0-5V
Interfacing Circuitry ~5V <20mA ~5V
HoverflyPro 6-14V 200mA 0-5, 6V
Every component in the system is powered by a 5V rail except for the HoverflyPro. The Summit expansion
board even regulates 5V to 3.3V so that the Gumstix can run on this supply. After connecting the batteries,
we realized that it would be impractical to tap into the battery voltage and still provide proper isolation of
the system because of the high currents and potential for wire to be exposed. Therefore, we have decided
to use a 7.4V battery to power the remaining circuitry enumerated in Table 11. The 7.4V rail can even be
used to power the HoverflyPro directly. The 7.4V battery is converted to 5V using a buck converter. This
battery (shown in Figure 44) has a 1000mAh capacity at 55g. For comparison, an average 9V battery has a
capacity of 565mAh - 1200mAh and a weight of about 45g. A linear interpolation (for a rough estimate) of
the propulsion data indicates that the extra 55g will require about 700mA extra per motor to assume hover;
however, the Li-Po batteries will save 0.2A from not having to supply that current.
Referring to the Energizer 9V battery datasheet, at a discharge of 500mA, the battery will have about
300mAh of capacity[2]. The 7.4V lithium polymer battery has a much more consistent capacity vs. discharge
current. In our system (assuming the 22mA from the rangefinders and voltage level-shifter circuitry to be
negligible) the 7.4V battery will sink 200mA into the HoverflyPro, and about
P
V = I = (500mA)(7.4V ) = 338mA
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Figure 44: Blue Li-Po 1000mAhr 20C Battery[1]
into the buck converter, whose output is connected to the Gumstix. The LIDAR will require an additional
500mA at 5V, adding to a total current draw of 876mA, allowing for 1.14 hours of battery life.
For our power supply we chose to use the PQ1CG2032, a buck converter. The schematic for this IC to
be configured to convert 7.4V to 5V is shown in Figure 45. This circuit can take an input voltage between
7 and 60V and convert it down to a voltage set by the ratio of the feedback resistors R2 and R1:
Vout = Vref (1 +
R2
R1) (6.1)
where Vref is 1.23V. This chip can supply up to 3A of current, which is double our circuit’s requirement.
Figure 45: PQ1CG2032 DC-DC Converter 3.5A, 5V Output
6.2 Gumstix Overo Processor
Summit Expansion Board
The Overo Fire itself has no physical interfaces which one may use to interact with it (excepting J2 and
J3, which are the micro-coax connectors attached to the wireless hardware). Instead, two 70-pin connectors
are found on the bottom, which are designed to mate with the female versions on their line of expansion
boards. We chose to use the Summit expansion board (Figure 47) because it was the most affordable one
that contained a USB console port, which is needed for image debugging and firmware updates. Using the
Summit expansion board pin-out (Figure 46), we have successfully designed schematics for interfacing the
Gumstix with our actuators and sensors.
In order to power the Gumstix, we first used an AD/DC wall plug, which outputs 5V at 1A. We have
successfully powered the Gumstix using the 7.4V battery using the switching power supply in Figure 45.
This supply can deliver up to 3A continuous easily accommodating the burst current of 800mA required for
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the Gumstix to boot. In order to power the Gumstix on battery power using the V_BAT output at pin
40 on the Summit board, a pull-up resistor must be connected to 5V from pin 14, labeled PWRON. This
signals to the Gumstix that it has power, and allows the Gumstix to be turned on with a button or switch.
Figure 46: Summit Expansion Board Pin-out
Figure 47: Summit Expansion Board
Operating Systems
The first computing environment we used was the one already installed on the the flash memory from the
factory. The factory loaded OS is Angstrom, a Linux distribution designed for use in resource-constrained
embedded systems. Using this built-in distribution, we had confirmed that the computer-on-module (COM)
was operational, and setup communications with it. Kermit, a Linux TTY emulator program, is used for
logging in, sending files, and most general-purpose interaction, even with the boot loader.
The Gumstix documentation recommends the software is updated on the device as soon as possible after
receiving it from the factory, so the latest pre-built images were downloaded. Using images other than the
built-in one requires intricate formatting of a MicroSD card into partitions for the boot loader, kernel loader,
and kernel, and another for the actual operating system files, which are collectively known as a rootfs. After
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this initial setup, we booted the most recent image and found that some observed start-up errors had been
resolved.
The next step was constructing our own version of this image. While the pre-built ones are available
from Gumstix, user-assembled versions allow for much greater customization of the Overo. Gumstix chose
OpenEmbedded (OE) as their build system for creating both individual packages for Angstrom and whole
rootfs builds. OE is a large and unwieldy program, producing output on the order of 50Gb for the creation
of a new rootfs. After an initial run, most of this process is skipped; however, the large amount of processing
and checking to see if its cache of these files is out of date requires substantial overhead. The advantage
is the easy combination of Gumstix and Angstrom updates with user created source code in one cohesive
system.
While Angstrom and OE are a surprisingly compelling environment once mastered, we decided to use
the Ubuntu operating system because it is more widely used and, thus, more openly available solutions are
available for common problems. Successfully booting Ubuntu on the Overo is fairly straightforward once
the proper steps are determined and a few subtleties have been considered. Special care must be taken to
properly setup the serial port of the rootfs being assembled. Otherwise, the final image may be boot-able, but
there will be no way for one to log in to it. Also, the core Ubuntu rootfs was combined with the previously
created versions of uImage (the Linux kernel) and u-boot (its loader) from OE so that any kernel modules
we created by compiling against the local OE sources would work when loaded into Ubuntu. This step was
necessary for implementing the PWM driver.
PWM Driver
The first fundamental task at hand with the Overo was establishing control of the motors. The speed
controllers are designed to translate a PWM signal into a throttle command. The amount of throttle applied
to the motors is directly related to the duty cycle of the input PWM signal; thus, our controller must be
capable of outputting four PWM signals of varying duty cycle and frequency. While an OMAP PWM driver
was available, it had severe limitations. Only one PWM output could be used at a time, and the duty cycle
was set as a whole-percentage integer, only allowing for 5 discrete throttle settings. Even after we added
greater precision to the driver, the OMAP’s use of the 32khz timer for some PWMs still limited our discrete
outputs to 31 at a 50Hz duty cycle. Fortunately, we were able to reconfigure a version of the PWM driver for
the BeagleBoard development platform, which supported three additional PWMs on our board. A program
devmem2 was used to write to the TCLR registers, changing the interface clock of the PWMs to a 13MHz
system timer, which provides more than the sufficient number of discrete outputs. A user-space program
was written to allow us to control all four motors simultaneously using the keyboard.
This driver was used to drive the motors for the four rotor thrust test (section 7.1) and the for the
PID tuning tests (subsection 7.2). However, with the incorporation of the HoverflyPro, the PWM driver
will no longer output motor control commands, but high level commands, also as PWM outputs, into the
HoverflyPro. The four output channels correspond to commands for altitude, yaw, pitch, and roll control,
effectively taking the place of the transmitter/receiver system.
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Wireless telemetry
In order to achieve a wireless link inside the entire building, we plan on using the WPI wireless network.
Any other telemetry method would most likely be thwarted by the building’s substantial construction and
large amount of internal RF activity, or would need to overcome these challenges with many nodes meshed
together or extremely high-power transmission. The WPI network already has access points throughout the
building. However, for Linux-based devices to connect to the WPI wireless, the package wpa_supplicant
must be used. While this package is already included in the default Angstrom build, the implementation is
not useful to us for this purpose because the cryptographic libraries it is compiled against are not compatible
with those used by WPI NetOps. When an association attempt is made, the Overo typically rejects WPI’s
issued certificates on the basis that the prime numbers contained therein are not sufficiently large for a secure
Diffie-Hellman key exchange.
On the other hand, the default Ubuntu build does not contain wpa_supplicant; however, this is easily
remedied. Once included, it became clear that obstacles still remained. At first, the wireless hardware was
not exposed. The Marvel 8686 chip used was enabled by combining the Ubuntu rootfs with a large number
of modules from the OE build which would work with our now custom kernel needed for PWM output,
including the libertas modules used for wireless networking. Then, additional binaries were loaded from
Marvell’s website.
Once the interface was properly exposed in Ubuntu, the certificate files were loaded. More issues were
found, but these were resolved by pre-decrypting the prime numbers using OpenSSL on a desktop computer,
splitting the user certificate into separate private key and password files, and by adjusting the permissions
on the new pre-decrypted, separate files. The last quirk was found to be fixed by updating the Gumstix
system clock to be closer to the WPI network clock, which was found to be causing wpa_supplicant to reject
WPI’s certificates as being expired.
Prior to internet connectivity, adding an executable to the Overo required remaking a rootfs with the
binary and its dependencies included. This process required significant lead-time, sometimes up to 10 hours.
Now opkg and apt-get can be used to acquire applications on-the-fly.
6.3 Inertial Hardware
Intertial sensors in some form are essential in almost every quadrotor implementation. One of the primary
reasons is that the system is under-damped[28]. This is because the quadrotor only has only four rotors to
control six degrees of freedom. Therefore, there is no state in which the quadrotor is inherently stable in
the air. The controller requires feedback about the state information in order to propeller mix the actuator
signals to control all degrees of freedom such that the quadrotor remains stable in the air. Inertial sensors
typically provide six axes of state information, three rotational axes and three translational axes, which is
sufficient for basic stability at hover.
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nIMU
Originally, we chose to use the nIMU by MEMSense (Figure 48). This IMU is available to us in the Machine
Vision Laboratory for our use for the duration of the project. This IMU requires a 5.4-9V signal, and will
be powered by the 7.4 V Li-Po battery.
Figure 48: MEMSense Nano IMU
The IMU communicates via I2C at 3.3V logic; thus, it must be level shifted using the same level converters
used for the ESCs in Figure 49. Each converter has a high voltage level input and a low voltage level input.
When the Gumstix outputs logic ’0’ at 0V, the N-Channel MOSFET is turned on because the gate-to-source
voltage will become 1.8V, which is greater than the threshold voltage of the BSS138. This will drive the
drain to 0V, matching the logic of the input. When the Gumstix outputs logic ’1’ at 1.8V, the gate-to-source
voltage will be 0V, and the drain will be driven to 5V through the pull-up resistor, again matching the
input. The low voltage input of the converter takes 1.8V clock and data signals (SCL and SDA respectively)
from the Overo, and the high voltage input takes in 3.3V SCL and SDA from the nIMU. This circuit is
bidirectional, so that the Gumstix can issue commands to the IMU as well as receive data from the it. We
purchased this part from SparkFun electronics because it was cheaper and smaller than it would have been
building it ourselves. We also purchased an I2C to UART converter because there is a possibility that the
camera and the IMU cannot function simultaneously over I2C. If this is the case, we will simply convert the
IMU I2C lines into UART using the converter IC and feed the UART data lines into general purpose data
lines on the Gumstix Overo.
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Figure 49: nIMU Interface to the Summit Expansion Board
HoverflyPro
Towards the middle of the term, we began performing tests of our PID control system during which the IMU
was broken. In order to proceed with the project, we identified two options: purchase another IMU and
continue with PID tuning, or purchase a controller board with inertial measurement sensors and integrate
this into our system. For the first option, we chose the Sparkfun Razor IMU, which has 9 degrees of freedom
and functions using a 3.3V UART data transmission protocol for easy integration into our existing system.
Furthermore, the power supply supports 3.5-16VDC, which is compatible with our current circuitry. This
board also comes with openly available source code for achieving the best results from the sensor. Our
second and more direct option is called the HoverflyPro. This device is a parallel processing system designed
to provide stable flight for a variety of multi-rotor aircraft. The features of this device are listed below in
Table 12.
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Table 12: HoverflyPro Specifications
Specification Value
Size 70mm x 70mm x 12.7mm
Weight 26g
Processor 2x Parallax Propeller MCUs at 80MHz
Gyroscope Digital XYZ
Accelerometer Digital XYZ
Power Supply 6-15V
Signal Voltage 5V / 6V
Price $450
The device, shown in Figure 50, is small enough to fit on our airframe, and its power and signal re-
quirements are compatible with our current circuitry. The device takes PWM inputs from the user (the
Overo Fire for autonomous flight and a 6-channel RC transmitter for human-controlled flight) and uses a
proprietary sensor fusion algorithm to produce PWM signals, which drive the motors and balance the craft
in the air. This system is advertised as plug-and-play, and a variety of demonstration videos are available by
the manufacturer, hobbyists, and university teams. The device was used with positive results by the Embry
Riddle International Aerial Robotics Competition team.
Figure 50: HoverflyPro Board
Ultimately, the goal of the designers of the HoverflyPro is for it to be robust enough that anyone could
pick up the transmitter and pilot the craft without crashing. While it does seem to be a quite capable
multi-rotor flight controllers, at the moment it is not yet fool-proof and “some time on the sticks with other
types of aircraft helps a great deal” according to the user manual.
In the context of the autonomous system, this device serves as a low-level controller board, which abstracts
away the complex control algorithm necessary for stable flight. The board receives 6 channels of input and
produces up to 8 channels of output (for octo-rotor craft). We have used the board to fly the craft in ’X’
and in ’+’ configurations, which only require 4 of the output channels, one for each ESC. Of the 6 input
channels, four correspond directly to the four possible joystick motions on the Spektrum RC transmitter.
The remaining two channels are used to toggle two features (auto-level and altitude hold) OFF or ON
with two mechanical switches, where position ’1’ corresponds to turning the feature OFF and position ’0’
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corresponds to turning the feature ON. The two features have a corresponding gain, which can be set from
the transmitter settings. The gain is encoded as the duty cycle of a 50Hz PWM signal output by the receiver
into the HoverflyPro (in user-controlled mode). If the feature is on, the gain is encoded as a high duty cycle,
and if the feature is off, the gain is encoded as a low duty cycle. For example, at a gain of 150 (max gain),
the altitude hold channel outputs a signal with 5% duty cycle (1ms pulse width) when it is off and a 10%
duty cycle when it is on.
The altitude hold channel is meant for outdoor operation and makes use of an internal barometer and
z-axis accelerometer for maintaining a constant altitude. Since we are unable to use this feature, we have
converted it into another feature. When we relinquish control the Overo in autonomous mode, we would
like to have a way to manually override the Overo outputs with a switch on the transmitter that allows
user-input to be sent from the transmitter when it is flipped. This circuit is shown in Figure 51. In order
to accomplish this, an LM556 timer is used to generate a 1.5ms pulse, which clocks a flip flop whose input
is connected to the pulse width signal received from the transmitter. When the transmitter is outputting a
high duty cycle signal (greater than 1.5ms), this corresponds to human control, and the flip flop will capture
a logic ’1’. This logic output of the flip flop will be inputted into the select bit of a multiplexer, which has
inputs from the Gumstix and from the receiver. Thus, the flip of a switch on the transmitter can be used to
resume human control if autonomy fails. The second timer on the LM556 is used as a constant PWM input
into the Hoverfly, which sets altitude hold permanently off, disabling the barometer, which is ineffective for
indoor use. The full schematic detailing all signal paths can be found in the Appendix, Figure 79.
Figure 51: Schematic of Autonomous Mode to Human Mode Switch
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6.4 Environment Sensors
Hokuyo LIDAR
A robot that is suitable to autonomously perform search and rescue missions should be able to locate
itself relative to all objects in its immediate environment, navigate through the environment, and construct
human-readable maps from it. The Machine Vision Laboratory at WPI has access to a Light Detection And
Ranging (LIDAR) sensor. This sensor sends pulses of light via a laser in a sweeping pattern and measures
the distances to all objects in this viewing plane using the time differences between the sent pulses and the
returning pulses. This sensor would be ideal for indoor environments because a typical room or hallway
would be less expansive than the maximum range of the LIDAR (20 meters). Therefore, the distances to
every object in the craft’s vicinity can be known with this sensor, equipping the craft with the information
necessary to avoid most collisions, to navigate to doorways or other openings, and to construct maps (given
some absolute location reference such as inertial sensor).
Figure 52 shows the lab’s Hokuyo URG-04LX LIDAR. The LIDAR requires 500mA continuous current,
800mA burst current, and a recommended maximum available current draw above 1.5A from the power
supply. Furthermore, it has a range of 20 meters and a viewing angle of 240°. The LIDAR can communicate
via RS232 or USB and is powered at 5V.
Figure 52: Hokuyo URG LIDAR
In order to make the most use of this sensor in the fastest way possible, we initially intended to utilize
openly available drivers and a SLAM implementation from either MRPT or ROS (see subsection 6.2 for
more information), which are robotics software platforms. Most of those who have used MRPT to interface
with the LIDAR on the Gumstix have done so through the use of a USB hub, such as the one in Figure 53.
The hub is connected to the COM and the LIDAR into the hub. The primary purpose of the hub is handling
conversions of the bus speeds: the LIDAR uses USB “Full Speed” (12mbps) while the Gumstix only supports
USB “High Speed” (480mbps). The USB standard calls for High Speed devices to be able to fall back to
full speed if needed, however, the Gumstix appears to lack this functionality. On top of this extra weight,
the cable used for RS232 data would still be required to power the LIDAR because the USB port on the
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Gumstix cannot sink 500mA of continuous current. In order to avoid the extra weight from the USB cable
and the USB hub, we have opted to use RS232 for communication instead. While we can only use packages
such as MRPT or ROS when using a USB connection, the most compelling feature of them was in how they
facilitated performing the SLAM task. We can still use the LIDAR range data available over serial to enable
the quadrotor to avoid objects and performing some path-finding.
Figure 53: USB hub to convert bus speeds
The LIDAR will be used for collision avoidance once the craft has taken-off.
In order to use RS232, we have gotten the cable refashioned to break out four wires: transmit, receive,
power and ground. The RS232 pins on the LIDAR output -6.3V as logic ’1’ and +5V as logic ’0’. In order
to communicate with the Gumstix, these must be converted to 1.8V for logic ’1’ and 0V for logic ’0’. The
circuit in Figure 54 shows a potential solution to the problem.
Figure 54: RS232-to-Serial Driver/Receiver
A transient analysis demonstrates that this circuit performs the necessary level shifting. Figure 55 shows
the input signal from the Gumstix (red) being converted to the appropriate levels for an RS232 output
(green). Figure 56 shows the input signal from the LIDAR (blue) being converted to the appropriate levels
from TTL output (purple). The circuit has two data paths. The diode captures the -6.3V and stores it in
the 1uF capacitor. The Gumstix signal is converted to 0-5V and the drives the PNP BJT. At 0V from the
Gumstix the input into the LIDAR is driven to 5V through the BJT. At 1.8V the LIDAR input is driven to
the -6.3V stored across the diode. The opposite pathway behaves similarly, converting the RS232 signal to
TTL 1.8V logic.
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Figure 55: Transient Analysis of RS232 Driver
Figure 56: Transient Analysis of RS232 Receiver
The alternative to this circuit is to use the MAX220EPE IC, which performs a similar function of
converting RS232 logic levels to TTL/CMOS logic levels. Originally, we did not want to use this chip
because it occupies a large area of the board, so we designed the circuit in Figure 54 using small and simple
components. Although this circuit is functioning, we have decided to re-solder the circuitry to a larger
board to accommodate this IC so that the signal path has higher reliability with the integrated solution.
The schematic for this solution is shown in Figure 57. This schematic also includes the two necessary level
converters to convert the 1.8V UART signals on the Overo to 5V signals readable by the MAX232 IC4.
We have successfully demonstrated the ability to construct a map using data captured from the Hokuyo
LIDAR. An example map of our laboratory is shown below in Figure 58. The LIDAR was mounted to the
craft, and the craft was rotated 180 degrees by hand in order to demonstrate that such a map could be
constructed in flight. The approximate location of the craft was drawn in as a black circle on the map in
Figure 58. The map shows the back of a chair placed directly in front of the sensor, other objects to the
right of and in front of the sensor, walls to the left and right of the sensor, and the openings between the
4The MAX220EPE and the MAX232 shown in the schematic are equivalent in function and pin-out.
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Figure 57: MAX220 RS232 to TTL Driver/Receiver
walls and the objects. This test demonstrates that with the LIDAR, the quadrotor could locate doors or
openings through which it could navigate.
Figure 58: Example Map Constructed with the Hokuyo LIDAR Data
Ultrasonic and infrared rangefinder
One of the most basic autonomous actions for a flying craft is the ability to take off, hold an altitude and
land. For the craft to know its altitude optimally to accomplish this we have included two rangefinders
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into our design: an infrared (IR) rangefinder and an ultrasound rangefinder. We have selected the Sharp
GP2Y0A02YK IR (Figure 59) and the MaxBotix MaxSonar-EZ1 ultrasound (Figure 60) sensors, which were
generously donated by the Robotics Department for the duration of our project. They will be mounted to
the bottom of the craft through custom holes drilled onto the 1/16” Delrin plate shown in Figure 13.
Figure 59: Sharp GP2Y0A02YK IR Rangefinder
Figure 60: LV-MaxSonar-EZ1 Ultrasonic Sensor
The ADC input channels on the Overo accept inputs from 0V to 2.5V with 10 bit resolution. Figure 61
shows the interfacing circuitry for these sensors. The ultrasonic and IR sensors output analog signals up
to 2.5V. In order to prevent voltage spikes above 2.5V, the maximum input voltage of the ADC, a diode
with a 1.8V reference is connected in parallel to the ADC inputs for each sensor. In order to reduce noise
a low-pass filter with a time constant of about 1ms is placed between each sensor and its respective ADC
input. Furthermore, a coupling capacitor is used for the IR sensor based on recommendations made in the
datasheet. If either an IR sensor or a switching power supply is used in the system (we have both), the
ultrasonic documentation indicates the need for a filter consisting of a 100Ω resistor and a 100µF capacitor
in series between the power rails of the sensor to reduce coupling of this noise [23].
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Figure 61: A/D Converter Interfacing Schematic
We have successfully connected the sensor to two ADC channels on the Gumstix Overo, and then accessed
the ADC data from inside of Ubuntu. Electrically, the ADC is not connected directly to the ARM CPU of
the T.I. OMAP3550 where user-space code is executing. Instead, it is connected to a power management
chip which is also part of the OMAP SoC. This chip can be communicated with via I2C over an internal
connection. To avoid issues we have seen with the ADC conversion being off by a non-linear factor, as well as
to account for the specific effects of our environment and use case, we will most likely implement a look-up
table from detected voltage to empirically found distance. In the interim, we are using the conversion formula
provided by the part data-sheet, and achieving results that are sensible but not as accurate as needed.
In order to verify that our circuitry and drivers are working, we performed a simple test of the rangefinders.
Using the Overo to sample data from the ADC, we elevated the sensors from 0 feet up to 8 feet and plotted
this data, which can be seen in Figure 62. The x-axis shows the sample number, which corresponds to time,
and the y-axis shows the voltage, which corresponds to distance. The voltage outputs are approximately
linear with distance.
CMOS Camera
The Overo COM is capable of support a CMOS camera sensor over its 27-pin connector. For our application,
we chose the eCon Systems e-Cam32, shown in Figure 63. The specifications are given in Table 13. Video
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Figure 62: Verification of Rangefinder Operation
capture is supported at VGA resolution and 30fps with continuous focus. It plugs in to the camera interface
of TI OMAP processor on the Gumstix Overo COMs.
Figure 63: e-CAM32_OMAP_GSTIX Camera
e-Con bundles the e-CAM32_OMAP_GSTIX with a Linux support package that offers Linux camera
drivers with full source code. The drivers include support for V4L2 (Video for Linux 2) buffer management
interface, as well as close integration with TI’s IVA 2.2 (Image, Video and Audio Subsystem) accelerator
subsystem on the OMAP35x SoCs. The subsystem integration enables full utilization of advanced OMAP35x
features such as color correction, gamma correction, and resizing, says E-Con. The drivers also provide
support for the camera sensor’s white balance and auto-focus features. The e-CAM32 camera board shares
the same dimensions as the Overo modules, and the two boards can be screwed together for extra mechanical
stability, says E-Con. The combined unit attaches to Gumstix’s Summit expansion board for development
purposes as shown in Figure 64. We have demonstrated the ability to capture still shots and video using
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Table 13: e-Cam32 specifications
Specification Value
Image sensor Omnivision OV3640
Resolution QXGA (2048 x 1536)
Software interface V4L2 Linux Driver
Max. frame rate 30fps @ XGA or 15fps @ OXGA
Dimensions 17mm x 58mm
View Angle 65
Diagonal Output Format YUV/YcbCr 4:2:2
Focal length 10cm to Infinity
Power consumption 50mW at 15 fps
Standby power consumption 30 µW
Lens Size 1/4"
S/N Ratio 36 dB
Dynamic Range 60 dB
this camera with the Overo processor. This video feed could be sent in real-time to a rescue team over the
wireless connection.
Figure 64: e-CAM32 Mounted to Gumstix and Summit Board
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7 Tests and Results
This section outlines the major laboratory experiments and tests performed with the quadrotor this term.
We were able to verify our total thrust output and compare it to our original calculations. We found that the
quadrotor can generate 1445g of thrust at 45% throttle, which meets our design specifications. Furthermore,
we constructed test stands for tuning single and double axis PID loops so that the craft could balance itself
along the pitch and roll axes. Unfortunately, we were never able to flight test our PID system due to the
loss of the nIMU due to an electrical failure. However, using a donated commercial board we were able to
conduct several flight tests, outlined in subsection 7.3, to verify the efficacy of our propulsion system and
frame designs. We found that it would be possible to use this commercial board as the low-level controller
for an autonomous system.
7.1 Thrust Testing
Single Propeller Thrust Test
In order to determine the ideal propeller for our application, we constructed the thrust measurement stand
in Figure 65. The propulsion system is mounted to a balanced beam. When the propeller supplies a thrust
upward, the beam pushes down on the other side. The opposite side has a nail, which makes contact with
the scale. Starting with the torque, τ , at a distance r from the pivot point:
τ = F × r = dLdt
The torque is equal to the change in angular momentum of the body, and the force produced by the
propeller, F, is equal to the generated thrust. Because the wood is rigid and the weight is equally distributed
on both sides of the pivot, it can be assumed that any change in angular momentum on one side of the pivot
is equal to the change in angular momentum on the opposing side. The force pushing down onto the scale
will thus be equal to the produced thrust because the nail is located at approximately the same distance r
from the pivot. The length and weight on each side of the beam is balanced; thus, the weight measured by
the scale is equal to the thrust produced.
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Figure 65: Thrust Measurement Stand
All tests were performed using 11.1V supply voltage from a 20A DC power supply (HY3020E). We used
an LM555 configured in astable mode in order to generate a 1-2ms pulse over a 20ms period with 1ms and
2ms corresponding to 0% and 100% throttle respectively (circuit shown in Figure 68). This pulse is varied
using a knob on a potentiometer. We have also implemented a PWM generator on the Spartan 3E Nexus 2
FPGA for testing with discrete outputs, making it easier to dial in specific values using the DIP switches.
We were able to measure the control pulse width on the oscilloscope, the average current drawn from the
supply, the thrust from the digital scale, the voltage across the motor, and the rotations per minute of the
propeller using the oscilloscope.
One of the leads into the motor is passed into a voltage buffer, consisting of a single op-amp, whose
output is connected to an RC low pass filter, which filters noise from the fast switching of the chopper circuit
at the output of the ESC. The filter has a cutoff frequency of 6.4kHz, well below the PWM frequency of the
chopper circuit at 16kHz, but well above the maximum frequency of the motor at 1.6kHz. The output of
the filter was viewed on the oscilloscope, shown in Figure 66.
Also using the oscilloscope we were able to determine the effective voltage seen by the motor and the
RPM. The effective DC voltage supplied to the motor is equal to the RMS voltage of the trapezoidal waveform
that appears on each of the three phases. This value should be scaled by three because the three signals are
Figure 67 shows an example of all three phases of the trapezoidal waveform entering the motor, just as in
Figure 66. The y-axis is voltage and the x-axis is in degrees of electrical rotation.
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Figure 66: Single Phase Input to the Motor at the Hover Speed
Figure 67: Trapezoidal Waveforms of the Three Phase Output of the ESC
The RMS value of a trapezoidal waveform can be found by applying the well known formula
VRMS =
1
T
ˆ T
0
V 2(t)dt (7.1)
where T is the period of the waveform and V is the voltage. This integral can be solved piecewise by taking
the rising and falling edges of the waveform to be linear functions of time and the flat part as a constant
voltage. The result can be expressed as
VRMS = Vpk−pk
√
1
T
(t2 − t1 + t3 − t2 + t13 ) (7.2)
where t1 is the time it takes to rotate 60 electrical degrees, t2 = 3t1, t3 = 4t, and the period T = 6t1[37].
Plugging in these numbers reduces the equation to VRMS = 23Vpk−pk for each phase[41]. Since there are
three phases, the effective power input to the motor is equal to
Pin = mV I (7.3)
where m is the number of phases[46]. Thus, for the purposes of this measurement, the voltage should me
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multiplied by three to obtain the appropriate input power.
RPM can also be extracted from the trapezoidal signal using an oscilloscope. The frequency of this
signal in Hertz multiplied by 60 yields cycles per minute. Because the motor has 14 poles and rotates past
2 magnets during each cycle, RPM = 12014 freq[25].With additional filtering this signal could be passed into
an A/D converter to obtain a real-time RPM measurement.
Figure 68: Thrust Testing Schematic
Data was collected for four different propellers: GWS 7x3x3, GWS 6x3x3, APC 7x5, and the Draganflyer
8x4.5. These propellers were chosen because they are the only available propellers below 10 inches that have a
commercially available push-pull pair. Figure 69 shows plots of the thrusts produced by each propeller versus
the average supply current. It can be seen from the plots that with the Scorpion motor, the propellers used
had similar performance. Because we are attempting to minimize size to make the quadrotor a practically
indoor vehicle, we eliminated the Draganflyer 8-in propellers as a possibility because the 7-in propellers
outperform them at the thrust data points above the hover case (the only data points relevant to flight).
The best two options based on this test are clearly the GWS 6x3x3 and the GWS 7x3x3. These propellers
are light weight and are flexible, making them less dangerous. The primary caveat of the 6-inch propellers
is that the maximum throttle only reaches 1.4 times the mass of the craft in thrust rather than the desired
1.5-2.0. Because we are focused on mapping and data acquisition, however, we have no need to perform
advanced dynamics; therefore, the 1.4 thrust to weight ratio may be sufficient for indoor roaming. Regardless,
we chose to use the GWS 7x3x3 propellers in order to conservatively generate enough thrust for a 1500g
craft to hover. Note that this test confirms the calculations made in Table 9 where it was predicted that at
hover (375g per propeller) with a 7-inch propeller, the current draw would be approximately 8A. From the
data, the efficiency was calculated using input electric power (Pin = V I) and output mechanical power in
Equation 5.16. The efficiency was found to be about 34% at hover. A thrust test was also performed using
the MicroDan motors. This test revealed a higher overall efficiency of 37% and a lower hover current of 7A,
increasing the battery life slightly. However, the test also revealed a maximum output thrust of only 540gf,
significantly lower than the measured maximum output thrust of the Scorpions at about 600gf (extrapolated
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from the data, not measured directly).
Figure 69: Thrust vs. Current
Four Propeller Thrust Test
Once we fixed our electrical issues from last term, we first verified that our craft was capable of generating
enough thrust to lift itself. In order to determine the total thrust output of the craft, we secured it to
the thrust testing stand from last term. Figure 70shows the output thrust versus percent throttle. Our
design requirements required that we achieve stable hover at 40-50% of our throttle range. Our craft with
all components, including batteries, weighs 1320g. From Figure 70 it can be seen that our craft produces
enough thrust to sustain hover between 40 and 45% of our total throttle range, meeting our specification
with 5% overhead for additional payloads. Our total thrust to weight ratio is 1:1.92, with 24.5N of total
thrust. Using the current consumption data from the single rotor thrust test, at hover, the total power
consumption is 26A at 11.1V. Including the power drawn from the processor and other circuitry, the total
power draw is 294W, and thus our thrust to power ratio at hover is 4.42 g/W.
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Figure 70: Total Thrust vs. Percent Throttle Control Input
7.2 PID Tuning
In order to stabilize the craft in the air, we originally intended to use a series of four cascaded PID loops for
altitude, yaw, pitch and roll. This type of algorithm would make our system under-actuated because there
are no control loops acting on translational motion in the x-y plane. We constructed two test stands, which
allow the quadrotor freedom in either one or two axes, respectively.
The single axis test stand uses a door hinge for a single degree of freedom. The double axis stand is
made by mounting the craft to a universal joint attachment for a socket wrench. For the single axis test
we were going to use a single axis gyro, the MLX90609 shown in Figure 71. Unfortunately, this gyro had a
non-linear output when connected to the ADC input on the Gumstix.
Figure 71: Single-axis MEMS Gyroscope, MLX90609
Once we had implemented functionality on the Gumstix to retrieve data over I2C we could begin working
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on an implementation using the nIMU. All of the data bytes were decoded into software values and integrated
using the time between samples as the ∆t. As expected, the output from this process was not stable. Before
it was useful for the purposes of the control loop, we had to correct for its large drift. A 20-second run of the
sensor could produce almost 10 degrees of drift in the angular displacement. We took 4000 samples of both
the nIMU data and the integrated nIMU data, and we imported the samples into MATLAB. Plots of the
x-axis gyroscope data (both angular rate and angular displacement) can be seen in Figure 72 and Figure 73
respectively.
Figure 72: Angular Rate Data from X-axis Gyroscope
Figure 73: Angular Displacement Data from X-axis Gyroscope
The angular rate data from the gyroscope has white noise and an intrinsic bias present on the signal.
Furthermore, once integrated into displacement data, the data has an almost linear drift. In order to
determine the average drift, we took the mean of the gradient of the data sample over time. By subtracting
this drift factor from each sample, the drift can be reduced significantly. Figure 74 shows the displacement
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data after drift correction is applied.
Figure 74: Reduced Drift Angular Displacement Data from X-axis Gyroscope
Appendix C shows the source code used for the single axis PID tuning. When run, this code does manage
to actuate the system according to the set point, but the loop was neither fully tuned nor the latency/signal
lag problems resolved before the testing was brought to a halt.
Unfortunately, during one of the first few tests of this system, the nIMU was damaged and is no longer
recognizable on the I2C bus. Following the test, the WiFi antenna was reconnected to the Gumstix processor
so that we could update the control program. When we turned the system on, the nIMU no longer transmitted
data to the processor. During this test we believe a wire was loosened from its solder joint by the movement
of the craft. We repaired the connection and connected the IMU to a test circuit, which revealed that it
is no longer functioning. The nIMU was included to measure the actual system output of the series of
cascaded PID loops for stabilized flight. With the incorporation of the HoverflyPro, this series of loops is no
longer necessary, and is replaced with a single control algorithm corresponding to each input signal on the
HoverflyPro (altitude, pitch, roll, and yaw).
7.3 Human-controlled Flight Tests
For our first several flights we removed all sensors and circuitry from the quadrotor except for the HoverflyPro,
the receiver and the propulsion system. Successful flight with the just the HoverflyPro allowed us to assess
our propulsion system’s performance and our battery life capabilities. Furthermore, it allowed us to ensure
that the craft was safe for indoor flight in terms of low-level stability control and structural integrity. These
tests were also essential to determining the appropriate gain for the HoverflyPro control algorithm. If the
gain is properly chosen, the HoverflyPro stabilizes the craft in the air with virtually no user interaction.
Achieving this level of stability is necessary for autonomous control by the Overo Fire. The details of our
five most significant human-controlled flight tests are described below.
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First and second flight attempts Our first flight with the HoverflyPro was conducted in the basement
of Atwater Kent. We were able to demonstrate some yaw control at just below the hover case and during
momentary “hops” produced by increasing the throttle enough raise the craft off the ground but immediately
lowering it below the static hover case again. During one of these cycles, the craft drifted forward and collided
with a corner of a wall. A propeller was broken, but fortunately we used nylon screws as a planned point of
mechanical compliance so that the motor would simply become detached from the craft rather than have its
shaft or bearings bent by the collision. For this test we tied two acrylic bars in a plus shape to the bottom of
the craft as landing gear. The bars were long enough that they provided some protection for the propellers;
however, they would not help in the event of a flip. The control gain of the HoverflyPro was set to 25/150,
the recommended first flight setting.
From this test we were unable to draw many conclusions because the craft broke so quickly. We attributed
the crash to our lack of inexperience as RC pilots. The conditions of the second flight were nearly identical to
those of the first: we used the same acrylic protection, a gain of 25/150 and the same setting. Unfortunately,
our protection caught on the carpet floors and caused the craft to flip onto itself. Similarly, few conclusions
were able to be drawn from this test.
Third flight attempt For this test we had an experienced quadrotor pilot, Ricardo, fly the craft. We
first increased the gain to 75/150 based on recommendations from the manufacturer with regard to the
levels of mechanical vibration in our system. After fine-tuning the output signals from the transmitter using
a trim feature, Ricardo was able to achieve hover for approximately three seconds; however, the altitude
was unstable, and he claimed that the controls were “extremely sensitive” compared to the much larger 10”
quadrotor which he typically pilots. For this test we constructed a protective cage made of wood and PVC
molding. After falling from about five feet three times, one of the wooden supports on the protective cage
broke.
It was somewhat difficult to make comparisons of this flight test to the previous ones because we changed
multiple variables: a new pilot, higher gain, and heavier protection. However, this test revealed that our
propulsion system is capable of hovering and dynamics. Furthermore, it implies that our gain may need to
be greater than 25/150 to achieve stable flight.
Fourth flight attempt For this test we constructed a much sturdier protective cage out of carbon fiber
tubes and Foamular XPS foam. This cage allowed the craft to be dropped at any orientation from reasonable
altitudes (we tested several sample falls from an altitude of six feet) without being damaged in any way.
After adding the cage, we flew the craft with a gain of 130/150. The craft experienced a strong tendency to
rotate regardless of user input. However the new cage allowed us to continue testing for several more runs
without damaging any hardware. Able to focus our attention on the behavior of the craft without regard
to preventing it from hurting itself or its environment, we began to get a better idea of the nature of the
control problems.
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Fifth flight For this flight we switched the direction of each of the propellers and lowered the gain to
85/150. This flight was the most successful thus far. We managed to take-off by slowly approaching the
hover throttle and then quickly increasing throttle to pass the threshold for lift. This method resulted in
a smoother take-off. Once in flight, we switched on the auto-level feature using the 5th channel on the
transmitter. This resulted in a stable hover for several seconds, seen in Figure 75. The uncontrollable yaw
rotations essentially disappeared.
However, the craft does exhibit translational drift as expected due to the inherent initial inaccuracies in
the input control signals. From this test we concluded that autonomous operation would be possible with
moderate gain, accurate trimming of the signals to reduce translational drift, and a well planned take-off
algorithm.
Figure 75: Craft in flight
Flight Hiatus After our successful hover, we flew one more time; however, we ceased flight quickly once
we discovered that one of the motors was malfunctioning. A slight grinding noise was heard from the motor
and was not heard from any of the others. Upon inspection we found that the issue is with the top bearing
of that motor. Our main indication that the motor is damaged is that it draws more power than all of the
other motors at hover. Measuring the battery voltages after one flight revealed the damaged motor had
been working much harder, as it was at 9V, while the remaining three were still above 11V. Unfortunately,
replacing the motor was not a viable option because it is no longer stocked in the U.S. In order to continue
our flight testing, we needed to either replace the loose bearing in the motor or purchase new motors. Because
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replacing the bearing could potentially lead to further issues, we investigated and purchased four MicroDAN
motors, which promise a significantly higher efficiency than the Scorpions. Flight with the new motors is
significantly quieter. After making alterations to the craft layout to reduce vibrations, the new motors were
able to achieve hover. These alterations consisted of the construction of wider Delrin spacers/supports for
the motors, the replacement of nylon screws and spacers with aluminum screws and spacers, and the addition
of wooden supports for the XPS foam protection.
Stable Flight
Stable flight was achieved both indoors and outdoors. Outdoor flight can be quite unstable in windy con-
ditions (more than 5-10mph), however. We believe that an altitude control loop using the rangefinders and
fine tuning of the control gain input of the Hoverfly could alleviate these issues based on conversations with
representatives at Hoverfly and our own observations before and after tuning the gain parameter. Figure 76
shows the craft in stable flight indoors, and Figure 77 shows the craft flying outdoors. These flights were
performed with the transmitter and user operation as before.
Figure 76: Stable Indoor Flight
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Figure 77: Stable Outdoor Flight
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8 Conclusions
This project successfully completed nearly every design goal with the primary exception being a successful
implementation of autonomous take-off, landing and traversal. However, these unmet goals can be easily
attained by tuning an altitude PID loop using the rangefinders for take-off and landing and by incorporating
the LIDAR data into the control algorithm on the Overo for navigation. A summary of the goals compared
with our achievements is shown in Table 14.
Table 14: Summary of Achievements Versus Design Goals
Specification Goal Result
Battery Life 10 minutes 9-12 minutes
Thrust to Weight ratio 1.5:1 1.65:1
Working Sensors LIDAR, rangefinders, Camera, IMU All successfully interfaced
Wireless Wifi Successfully connected
Size < 30” < 20”
Protection Can survive 10’ falls Can survive 6-8’ falls
Weight < 1500 g 1516 g
Payload > 500 g 900 g
Flight Locations Indoor up to 10’ Indoor and outdoor, > 10’
Autonomy Take-off, hover, and landing Autonomous hover only
Price < $1500 $1401
We have demonstrated that with a carefully designed powertrain a quadrotor can have enough payload
capacity and flight time in a small enough package to be useful for urban search and rescue, and that our
design (shown in Figure 78) would be available at a price-point acceptable to most search and rescue task
forces. Available commercial alternatives don’t appear until at least the $5,000 mark and popular packages
tend to be two to four times as expensive. However, using easily available and affordable materials in the
airframe, and focusing on the design of an optimal powertrain (which uses the available battery power as
efficiently as possible) would yield a much more attractive package which could be equipped to perform
similar capabilities.
8.1 Significance
Quadrotor UAVs are quite promising for use as platforms for autonomous search and rescue robots. In the
past ten years, several commercial quadrotor UAVs have become available as research platforms for such
applications such as the Draganflyer and the AscTec; however, these quadrotors are extremely expensive, are
too large for robust indoor movement or do not have significant payload capabilities, and have no protection
against collisions. We were able to successfully address these issues in the design of our rotor-craft. By
carefully designing the propulsion system for maximum efficiency with only 7 inch propellers and minimizing
the weight of each component, we were able to achieve a maximum additional payload of 700-900g (with a
30-45% throttle margin depending on the motors). By keeping our total cost below $1500, and by carefully
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Figure 78: Final Quadrotor Implementation (top view)
Other views are shown in Figure 2, Figure 6, and Figure 19.
designing the propulsion system for maximum efficiency with only 7 inch propellers to achieve a width of
only 19.5”, the resulting craft has a broad variety of potential application in search and rescue and other
tactical situations.
Table 15 and Table 16 show comparisons of our quadrotor design with each set of motors and two commer-
cially available quadrotors designed and sold by Ascending Technologies as research development platforms.
This comparison demonstrates our success. Our craft achieves significantly higher payloads than these state
of the art crafts. In order to achieve this, however, our power consumption is higher and battery life is
lower. These lower values are largely due to the square law reduction in output thrust with propeller size.
By using only 7-inch propellers, the required power to hover is significantly higher. With the current battery
technology, however, this was necessary to meet our design goals.
Table 15: Comparison of our Design with Two Asctec Designs
Quadrotor Mass Thrust/Weight Max Payload Cost
WPI “Pink Panther” (Scorpions) 1516g 1.65:1 900g $1401
WPI “Pink Panther” (MicroDans) 1416g 1.52:1 700g $1441
Asctec Pelican 750g 1.67:1 500g $7540
Asctec Hummingbird 500g 1.4:1 200g $5101
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Table 16: Comparison of Designs Continued
Quadrotor Size Power at Hover Flight time
WPI “Pink Panther” (Scorpion) 19.5”x19.5”x7” 355 W 10 min
WPI “Pink Panther” (MicroDan) 19.5”x19.5”x7” 310 W 11 min
Asctec Pelican 28”x28”x8” 160 W 25 min
Asctec Hummingbird 24”x24”x4” 70 W 20 min
8.2 Recommendations
A small number of specific things about the set up and execution of this project persistently presented
challenges, and a large part of the time needed to develop a successful craft design was spent on coming up
with solutions only to have the problem represent itself.
The scope of the design tasks and variety of expertise needed for any significant robotics project is by
definition more considerable than design projects concerning a single discipline of engineering. Certainly the
quadrotor is a mechanically a simple design for an aerial craft. Other approaches to self-powered heavier-
than-air flight besides a multi-rotor vehicle almost invariably need more control surfaces and corresponding
actuators. Even with its simplicity, designing a craft to satisfy a number of physical parameters which
constrain each other is still a task which would benefit from expertise in materials science and the design
principles governing structures such as the airframe and propeller protection. Of course each aspect of the
craft is coupled, thus all team members should be knowledgeable about the entire design on some level.
Nevertheless having a member who can devote time towards gaining an intimate understanding of the needs
of this subsystem and the relative advantages of potential solutions would allow the others on the team to
focus on the remaining tasks.
Another stumbling block was in the difficulty sourcing and delays associated with acquiring replacement
parts. Many of these problems could have been solved by choosing products made inside the United States,
eliminating the temporal and financial cost with importing parts. We were facing potential significant
setbacks if the bearing in one of our motors couldn’t have been replaced. There were no more U.S. vendors
of these motors with any stock expected for months, and the last remaining ones overseas were disappearing
quickly. We had seen the same thing happen to us with the brushless motor controllers, so we made the
decision to switch to an American motor which could be made and shipped to us on-demand and not at
the whim of a factory production schedule. Fortunately, the new motors were also functionally superior,
weighing less and thus more efficient at our hover case.
Critical time was spent getting our controller to operate acceptably on all the different levels of func-
tionality it was needed to provide. Such a complex and powerful computer-on-module running a desktop
operating system is not well suited to being a low-level micro-controller, nor is it a replacement for a the
true processing power of a desktop. Its Swiss-army knife functionality proved useful especially considering
that our design for the control system continued to evolve after its purchase. Thankfully the Gumstix Overo
always proved able to adapt to its new role, however, at times this took considerable effort. Some designs
have been developed which make use of multiple controllers, perhaps a simple but low-latency microchip for
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outputting the throttle signals to each brushless motor controller and handling the collection of sensor input,
with a more powerful processor relegated to generating those commands and making sense of those inputs.
8.3 Future work
The logical next step is to continue to add functionality to the flight features of the craft. It was designed
such that it would be capable of piloting itself autonomously in and out of buildings, and while inside be able
to pass through doors and generate a real-time map. First responders would most likely find any increase
in autopilot capability and the ability to generate on-demand maps useful in successfully conducting their
missions.
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A List of materials
Table 17: Complete parts list
Part Manufacturer Model Mass No. Unit price
Propulsion
Batteries
Thunder Power TP-1320-3SPL 86 g 4 $35
Battery
connectors
W.S. Deans Ultra Plug 6g 4 $4
Original Brushless
DC motors
Scorpion Power System SII2122-1850 58 g 4 $45
Brushless DC
motors
MicroDAN Custom
Motors MicroDAN2505-1845
24 g 4 $55
Motor
connectors
Innov8tive Designs 3.5mm bullet
connectors
2-4g 4 $2.50
Brushless motor
controllers
Exceed-RC Proton 30A 25g 4 $14
Propellers GWS 7x3.5x3 4 g 4 $2
Landing Gear McMaster-Carr Rigid Carbon
Fiber Tube
36 g 2 $19
Propeller
protection frame
Foamular Polystyrene
Foam
156g 1 <$5
Frame HiSystems GmbH MK30-Frameset 110 g 1 $77
Avionics
mounting board
HiSystems GmbH CenterPlate 8 g 1 $10
Control Board
Battery
Blue Lipo 1000mAh 20C 55g 1 $8
Primary
controller
Gumstix Overo Fire
COM
5 g 1 $219
Controller
breakout board
Gumstix Summit 16.5 g 1 $49
Flight controller HoverflyTechnologies HoverflyPro 26 g 1 $450
Camera module e-con Systems e-CAM32 36 g 1 $69
LIDAR Hokuyo URG-04LX 160 g 1 -
Infrared
rangefinder
Sharp 2Y0A02 5 g 1 $15
Ultrasonic
rangefinder
MaxBotix LV-MaxSonar
EZ-2
4 g 1 $28
Logic Level
Converter
SparkFun Electronics BOB-08745 <1g 1 $2
RS232
Driver/Receiver
Maxim MAX220EPE <1g 1 $5
Control signal
selector
NXP Semiconductor 74ALS157N <1g 1 -
Radio receiver Spektrum BR6000 DSM 7 g 1 $50
Totals: 1291.5 g $1401
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B Full Schematics
Figure 79 below is the full schematic of the quadrotor system including ADC interfacing, bidirectional level
converters for 1.8V to 3.3V for the I2C bus, an RS232 to TTL converter, a buck converter switching power
supply, unidirectional level converters for the PWM outputs, multiplexing of the receiver and Overo signals,
a switch for a manual override of autonomous operation, a timer for setting the gain of the Hoverfly Pro,
and the powertrain connections that drive the brushless motors.
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Figure 79: Overall Quadrotor Schematic
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C Source Code
The listing below shows the source code used to implement a single-axis PID loop on the Gumstix Overo
using the MEMSense nanoIMU as the control input with the set point being adjusted via keyboard input
over the TTY connection. Our calculated bias was applied to the gyro readings, and the output is controlled
via the PWM hardware of the Overo.
Listing 1: Quadrotor Control Code
1 #include <stdio.h>
2 #include <stdlib.h>
3 #include <string.h>
4 #include <unistd.h>
5
6 #include <linux/i2c -dev.h> /* for I2C_SLAVE */
7 #include <fcntl.h>
8 #include <stdint.h>
9 #include <termios.h>
10
11
12 #define MIN(a, b) (((a) < (b)) ? (a) : (b))
13 #define MAX(a, b) (((a) > (b)) ? (a) : (b))
14
15
16 #define PWM_OFFSET 8
17
18 #define LEFT_MOTOR 8
19 #define RIGHT_MOTOR 9
20 #define FRONT_MOTOR 11
21 #define BACK_MOTOR 10
22
23 #define NIMU_ADDR 0x6A
24 #define IMU_I2C_BUS 3
25 #define NUM_SAMPLES 4000
26
27 void adjust_pwm(int pwm , signed int delta);
28 void init_pwms(void);
29 void close_and_exit(void);
30 void itoa(int n, char s[]);
31
32 short make16(unsigned char msb , unsigned char lsb) {
33 unsigned short value = 0;
34 value = (0 x00FF & msb);
35 value <<= 8;
36 value = (0 xFF00 & value);
37 value = value | (0x00FF & lsb);
38 return value;
39 }
40
41 int pwms [4];
42 FILE *pwm_devs [4];
43
44 struct termios initial_settings ,
45 new_settings;
46
47 signed int set_point = 0;
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48 int device_file = 0;
49
50
51 void main(void) {
52 int input = 0;
53
54
55 // I2C
56 int return_val = 0;
57 int index , count = 0;
58 unsigned char i2c_buffer [38];
59 unsigned short time = 0, last_time = -1;
60 double tempx , tempy , tempz;
61 double elapsed_time = 0;
62 double rotation_x = 0, rotation_y = 0, rotation_z = 0;
63
64 for(index = 0; index < 38; index ++) {
65 i2c_buffer[index] = 0;
66 }
67
68
69 device_file = open("/dev/i2c -3", O_RDWR);
70 if(device_file < 0) {
71 /* ERROR HANDLING; you can check errno to see what went wrong */
72 fprintf(stderr , "Unable to open device file!\r\n");
73 exit (1);
74 }
75 // printf (" opened i2c bus 3...\r\n");
76
77 // printf (" setting to device 0x6a ...\r\n");
78 return_val = ioctl(device_file , I2C_SLAVE , NIMU_ADDR);
79 if (return_val < 0) {
80 printf("could not set to device NIMU_ADDR , error: %d!\r\n", return_val);
81 } else {
82 printf("Set to device 0x6a , ioctl return val: %d\r\n", return_val);
83 }
84
85
86 tcgetattr (0,& initial_settings);
87 new_settings = initial_settings;
88 new_settings.c_lflag &= ~ICANON;
89 new_settings.c_lflag &= ~ECHO;
90 // new_settings.c_lflag &= ~ISIG;
91 new_settings.c_cc[VMIN] = 0;
92 new_settings.c_cc[VTIME] = 0;
93 tcsetattr(0, TCSANOW , &new_settings);
94
95
96 init_pwms ();
97
98 while (1) {
99 return_val = read(device_file , i2c_buffer , 38);
100 if(return_val < 0) {
101 /* ERROR HANDLING: i2c transaction failed */
102 printf("Read from device NIMU_ADDR failed , return val: %d\r\n", return_val);
103 } else {
104 // printf ("\r\nRead 38 from device 0x6a , return val %d\r\n", return_val);
100
C SOURCE CODE
105 if(i2c_buffer [0] != 0xFF || i2c_buffer [1] != 0xFF || i2c_buffer [2] != 0xFF || i2c_buffer [3] != 0xFF) {
106 printf("Unknown synchronization bytes: ");
107 printf("%02X %02X %02X %02X\r\n", i2c_buffer [0], i2c_buffer [1], i2c_buffer [2], i2c_buffer [3]);
108 }
109 if(i2c_buffer [4] != 0x26 || i2c_buffer [5] != 0xD4 || i2c_buffer [6] != 0x14) {
110 printf("Difference in message size , device ID, or message ID: ");
111 printf("%02X %02X %02X\r\n", i2c_buffer [4], i2c_buffer [5], i2c_buffer [6]);
112 }
113 if(i2c_buffer [9] != 0x00 || i2c_buffer [10] != 0x02 || i2c_buffer [11] != 0x19 || i2c_buffer [12] != 0x41) {
114 printf("Difference in reserved bytes: ");
115 printf("%02X %02X %02X %02X\r\n", i2c_buffer [9], i2c_buffer [10], i2c_buffer [11], i2c_buffer [12]);
116 }
117
118 time = make16(i2c_buffer [7], i2c_buffer [8]);
119 // printf ("Time: %3.3f ms X Y Z\r\n", ((float)time * 2.1701) /1000);
120
121 if(last_time == -1) {
122 elapsed_time = 0;
123 printf("First shot --> ");
124 } else if(last_time > time) {
125 elapsed_time = 142217.504 - ((float)last_time * 2.1701);
126 elapsed_time += (float)time * 2.1701;;
127 } else {
128 elapsed_time = (time - last_time) * 2.1701;
129 }
130 last_time = time;
131
132 if(elapsed_time < 1 && elapsed_time > -1) {
133 // printf (".");
134 } else {
135 if(elapsed_time > 8000) {
136 elapsed_time = 5050;
137 }
138
139 printf("\r\n");
140
141 // printf ("Yaw Rate Gyro\t");
142 tempx = make16(i2c_buffer [13], i2c_buffer [14]);
143 tempy = make16(i2c_buffer [15], i2c_buffer [16]);
144 tempz = make16(i2c_buffer [17], i2c_buffer [18]);
145 // 2.7465 x 10e-2 */s/bit
146 tempx *= 0.027465;
147 tempy *= 0.027465;
148 tempz *= 0.027465;
149 // printf ("Yaw rate: %6.2f %6.2f %6.2f [deg/s]\t\t", tempx , tempy , tempz);
150 // printf ("%f, %f, %f, ", tempx , tempy , tempz);
151 rotation_x = rotation_x + (elapsed_time * tempx)/1000000;
152 rotation_y = rotation_y + (elapsed_time * tempy)/1000000;
153 rotation_z = rotation_z + (elapsed_time * tempz)/1000000;
154 rotation_x -= -0.0006317183750000024;
155 rotation_y -= 0.001652807125;
156 rotation_z -= -0.00241760425;
157
158 // printf (" %f, %f, %f", rotation_x , rotation_y , rotation_z);
159
160 input = read_char ();
161 switch(input) {
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162 case ’x’:
163 printf("\r\n ... Quitting !\r\n");
164 close_and_exit ();
165 break;
166
167 case ’w’:
168 set_point ++;
169 set_point = MIN(MAX(-15, set_point), 15);
170 break;
171
172 case ’s’:
173 set_point --;
174 set_point = MIN(MAX(-15, set_point), 15);
175 break;
176
177 case -1:
178 printf("read_char () returned -1\r\n");
179 break;
180
181 default:
182 printf("incorrent key! (%d / %c)\r\n", input , input);
183 break;
184 }
185
186 signed int error = 0;
187 error = set_point - rotation_y;
188 pwms[LEFT_MOTOR - PWM_OFFSET] = error * 1;
189 pwms[RIGHT_MOTOR - PWM_OFFSET] = error * -1;
190 adjust_pwm(LEFT_MOTOR , 0);
191 adjust_pwm(RIGHT_MOTOR , 0);
192
193 printf("Rotation: [%7.2f %7.2f %7.2f deg] ", rotation_x , rotation_y , rotation_z);
194 printf("Set point: %d Error: %d [pwm -L %d] [pwm -R %d]", set_point , error , pwms[LEFT_MOTOR -
PWM_OFFSET], pwms[RIGHT_MOTOR - PWM_OFFSET ]);
195
196
197 } // packet data not old
198 } // else (read was success)
199 } // while (1)
200
201 close_and_exit ();
202 }
203
204 void adjust_pwm(int pwm , signed int delta) {
205 char duty_cycle [4] = "";
206
207 pwms[pwm - PWM_OFFSET] += delta;
208 pwms[pwm - PWM_OFFSET] = MIN(MAX(0, pwms[pwm - PWM_OFFSET ]), 100);
209 itoa(pwms[pwm - PWM_OFFSET] , duty_cycle);
210 fwrite(duty_cycle , sizeof(char), strnlen(duty_cycle , 4) + 1, pwm_devs[pwm - PWM_OFFSET ]);
211 fflush(pwm_devs[pwm - PWM_OFFSET ]);
212
213 return;
214 }
215
216 void init_pwms(void) {
217 system("rmmod pwm");
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218 system("insmod pwm.ko pwm8_enable =1 pwm9_enable =1 pwm10_enable =1 pwm11_enable =1");
219 system("devmem2 0x48004A40 w 0x3CA");
220 sleep (1);
221 printf("\r\n");
222
223 pwms[8 - PWM_OFFSET] = 0;
224 pwms[9 - PWM_OFFSET] = 0;
225 pwms [10 - PWM_OFFSET] = 0;
226 pwms [11 - PWM_OFFSET] = 0;
227
228 pwm_devs [8 - PWM_OFFSET] = fopen("/dev/pwm8", "w");
229 if(pwm_devs [8 - PWM_OFFSET] == NULL) {
230 printf("ERROR: cannot open /dev/pwm8\r\n");
231 exit (1);
232 }
233 pwm_devs [9 - PWM_OFFSET] = fopen("/dev/pwm9", "w");
234 if(pwm_devs [9 - PWM_OFFSET] == NULL) {
235 printf("ERROR: cannot open /dev/pwm9\r\n");
236 exit (1);
237 }
238 pwm_devs [10 - PWM_OFFSET] = fopen("/dev/pwm10", "w");
239 if(pwm_devs [10 - PWM_OFFSET] == NULL) {
240 printf("ERROR: cannot open /dev/pwm10\r\n");
241 exit (1);
242 }
243 pwm_devs [11 - PWM_OFFSET] = fopen("/dev/pwm11", "w");
244 if(pwm_devs [11 - PWM_OFFSET] == NULL) {
245 printf("ERROR: cannot open /dev/pwm11\r\n");
246 exit (1);
247 }
248
249 adjust_pwm (8, 0);
250 adjust_pwm (9, 0);
251 adjust_pwm (10, 0);
252 adjust_pwm (11, 0);
253 }
254
255 signed int read_char(void) {
256 signed int int n;
257 unsigned char key;
258
259 n = getchar ();
260
261 if(n != EOF) {
262 key = n;
263
264 if (key == 27) {
265 /* Escape key pressed */
266 printf("\r\nESC pressed ...\r\n");
267 }
268
269 return key;
270 }
271 return -1;
272 }
273
274 /* reverse: reverse string s in place */
103
C SOURCE CODE
275 void reverse(char s[]) {
276 int i, j;
277 char c;
278
279 for (i = 0, j = strlen(s) -1; i<j; i++, j--) {
280 c = s[i];
281 s[i] = s[j];
282 s[j] = c;
283 }
284 }
285
286 void itoa(int n, char s[]) {
287 int i, sign;
288
289 if ((sign = n) < 0) /* record sign */
290 n = -n; /* make n positive */
291 i = 0;
292 do { /* generate digits in reverse order */
293 s[i++] = n % 10 + ’0’; /* get next digit */
294 } while ((n /= 10) > 0); /* delete it */
295 if (sign < 0)
296 s[i++] = ’-’;
297 s[i] = ’\0’;
298 reverse(s);
299 }
300
301 void close_and_exit(void) {
302 pwms[8 - PWM_OFFSET] = 0;
303 pwms[9 - PWM_OFFSET] = 0;
304 pwms [10 - PWM_OFFSET] = 0;
305 pwms [11 - PWM_OFFSET] = 0;
306 adjust_pwm (8, 0);
307 adjust_pwm (9, 0);
308 adjust_pwm (10, 0);
309 adjust_pwm (11, 0);
310
311 fclose(pwm_devs [8 - PWM_OFFSET ]);
312 fclose(pwm_devs [9 - PWM_OFFSET ]);
313 fclose(pwm_devs [10 - PWM_OFFSET ]);
314 fclose(pwm_devs [11 - PWM_OFFSET ]);
315
316 tcsetattr(0, TCSANOW , &initial_settings);
317
318 printf("\r\n");
319
320 close(device_file);
321 exit (0);
322 }
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